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FOREWORD 
The research  repor ted  h e r e i n  w a s  sponsored by t h e  Engineer- 
ing  Analysis Divis ion,  Johnson Spacecraf t  Center, Houston Texas, 
under Contract NAS 9-12447. 
M r .  Barney B .  Roberts, NASA-JSC, i s  t h e  t e c h n i c a l  monitor 
f o r  t h e  c o n t r a c t .  The authors  wish t o  express  t h e i r  apprec ia t ion  
t o  him f o r  h i s  support  and encouragement. 
The authors  of t h i s  r e p o r t  would l i k e  t o  express t h e i r  s i n -  
c e r e  apprec ia t ion  t o  M r .  Stavros Danos f o r  h i s  c a r e f u l  and de- 
voted e f f o r t s  i n  t h e  opera t ion  and maintenance of our high pres-  
s u r e  hydrogen/oxygen detonat ion tube f a c i l i t y .  The p o t e n t i a l  
danger of working with hydrogen/oxygen mixtures a t  i n i t i a l  pres-  
su res  over 30 atm cannot be overemphasized. That t h i s  was 
done so  s u c c e s s f u l l y  on a d a i l y ,  rou t ine  b a s i s ,  without any 
se r ious  mishaps i s  a t r i b u t e  t o  h i s  s k i l l s  and consc ient iousness .  
This r epor t  desc r ibes  an i n v e s t i g a t i o n  of t h e  uses  of H2/02 
combustion products generated i n  a de tonat ion  tube i n  rocket  
plume simulat ion and i n  r e -en t ry  flow f i e l d  s imulat ion.  I n  
rocket  plume s imula t ion  t h e  emphasis w a s  on exploring t h e  maximum 
Reynolds number l i m i t s  of t h e  technique and t h e  e f f e c t  of Reynolds 
number on impingement and base flow hea t ing .  I n  r e -en t ry  flow 
f i e l d  s imulat ion t h e  emphasis was on determination of t h e  e f f e c t  
of gas  thermodynamics on hea t  t r a n s f e r  (y e f f e c t ) ,  p a r t i c u l a r l y  
on t h e  leeward s u r f a c e s .  
Pa r t  I of t h i s  r e p o r t  presents  t h e  r e s u l t s  of a program t o  
explore t h e  p ressu re  l i m i t s  of a new technique t o  s imula te  h igh  
pressure  hydrogen/oxygen rocket  engines and t o  ob ta in  simulated 
rocket  plume survey and impingement d a t a .  Using a backward- 
running detonat ion wave, s t agna t ion  pressures  up t o  6000 p s i a  
were achieved. Data were obtained f o r  a three-nozzle  c l u s t e r  
s i m i l a r  t o  a space s h u t t l e  o r b i t e r  conf igura t ion ,  and f o r  a 
s i n g l e  equiva lent  nozzle  t h a t  simulated t h e  mul t ip le  nozzle mass 
flow and geometry. A t  a nominal pressure  of 2500 p s i  d a t a  were 
obtained f o r  vacuum plumes and f o r  plumes exhausting i n t o  an ambi- 
e n t  pressure  of 4 1  ps fa  (designed t o  s imula te  a s tag ing  a l t i -  
tude of 120,000 f e e t )  . Data a t  6000 p s i  were l imi ted  t o  
vacuum plumes. 
The plumes were surveyed i n  t h e  region from 6 t o  24 
s i n g l e  equiva lent  nozzle  e x i t  r a d i i  downstream from t h e  nozzle  
e x i t  plane.  S tagnat ion  poin t  hea t ing  and p i t o t  pressure  measure- 
ments were made. Impingement heat ing and pressure  d i s t r i b u t i o n s  
were obtained on t h e  su r face  of a cy l inder  loca ted  one equiva lent  
iii 
nozzle diameter below the nozzle ceneer l ine .  From the  r e s u l t s  it 
i s  concluded that  the bashard-running detonation technique i s  a 
usefu l  and v a l i d  technique f o r  t he  simulation of hydrogenfoxygen 
rocket plumes. Comparisons with t heo re t i ca l  ca lcula t ions  made 
f o r  the  simple nozzle by another contractor  a t  2500 p s i  w e r e  
made and the  agreement with the  plume survey da ta  was good. The 
use of a  s ing le  equivalent nozzle f o r  ca lcu la t ion  of t h e  e f f e c t s  
of th ree  nozzles of the  plume appears t o  be v a l i d  only i n  the  f a r  
f i e l d .  
Par t  I1 of t h i s  repor t  describes an exploratory program on 
the  use of the  products of combustion of hydrogen and oxygen 
(supersteam) as  a  subs t i t u t e  gas fo r  simulating re-entry  a i r .  
Heating data  were obtained on a pyramidal d e l t a  body a t  30" 
angle of a t tack, for  a  cone-cylinder a t  0"  angle of at tack, in 
both a i r  and supersteam. A very s ign i f i can t  cor re la t ing  tech- 
nique i s  suggested by the  r e s u l t s  f o r  correct ing windward and 
leeward heat ing data from conventional ground f a c i l i t i e s  f o r  the  
e f f e c t s  of f l i g h t  enthalpy on equilibrium aerothermodynamics. 
The technique involves a simple densi ty  r a t i o  correct ion t o  the  
measured Stanton number. Contrary t o  previous comparisons of 
f l i g h t  and wind tunnel data,  the  r e s u l t s  of t h i s  inves t iga t ion  
ind ica te  t h a t  the  r a t i o  leeward t o  windward heat ing would in -  
crease s l i g h t l y  o r  remain the  same as the  flow enthalpy in -  
creases .  Further experiments a r e  required t o  subs tan t ia te  t he  
present  r e s u l t s .  
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INTRODUCTION 
Short  flow dura t ion  devices  f o r  s imulat ing rocket  plumes have 
been used s u c c e s s f u l l y  f o r  more than t e n  years  (Refs. 1-1 and 1-2).  
During the  development of the  LM (Lunar Module), the de tonat ion  
tube technique developed a t  Grurmnan proved invaluable  f o r  measur- 
ing t h e  thermal e f f e c t s  of the  var ious  rocket  engines on t h e  vehi-  
c l e .  Advantages of using an impulse f a c i l i t y  include t h e  mainte- 
nance of proper background pressure  during a run, a very high 
s tandard  of s c a l i n g  v a l i d i t y ,  and the  savings i n  c o s t  and equip- 
ment s i z e  t h a t  r e s u l t  from s c a l e  model t e s t i n g .  
The f u l l - s c a l e  running condi t ions  of the  LM engines were such 
t h a t  an exac t  dup l i ca t ion  of the  governing s i m i l i t u d e  parameters 
could be run using t h e  detonat ion technique. With the  advent of 
the  l a r g e ,  high-pressure hydrogen/oxygen engines a s soc ia ted  wi th  
t h e  space s h u t t l e ,  the  s imulat ion problem became much more d i f f i -  
c u l t ,  p a r t i c u l a r l y  wi th  r e spec t  t o  Reynolds number. The s i z e  of 
the  engine and the  f u l l - s c a l e  chamber pressure  of 3000 p s i a  made 
exac t  d u p l i c a t i o n  i n  a ground f a c i l i t y  impossible.  I f  l abora to ry  
s imula t ion  of the  impingement e f f e c t s  of the plume from such an 
engine i s  t o  be r e l i e d  upon, proper sca l ing  of the  plume boundary 
l a y e r  must be maintained. Since f u l l - s c a l e  Reynolds number simu- 
l a t i o n  i s  impossible,  a t radeoff  between f a c i l i t y  s i z e  and oper-  
a t i n g  p ressu re  must be made t o  achieve a p a r t i a l  Reynolds number 
s imula t ion ,  Before t h i s  can be done, the  maximum Reynolds number 
r equ i red  t o  c h a r a c t e r i z e  t h e  important plume flow regimes must be 
determined. It was t o  t h i s  end t h a t  the  c u r r e n t  plume work was 
undertaken. 
The Grumrnan Research Department developed a modif icat ion t o  
the  de tonat ion  technique used f o r  t h e  LM simulat ions (Ref. 1-2) 
t o  achieve the e o r r e c t  hydrogen/oxygen plume enthabpy, shemis t r y ,  
and f l o w  geometry, The new technique uses a backward-running 
detonat ion wave and o f f e r s  t h e  p o s s i b i l i t y  of reaching the h i g h e s t  
p ressu re  of any l abora to ry  s imula t ion  technique known. Because 
the  f a c i l i t y  opera tes  by t h e  i n t e n t i o n a l  de tonat ion  of hydrogen 
and oxygen, t h e  design pressure  i s  the  h i g h e s t  t h a t  can be 
reached, g r e a t l y  reducing explosion hazards.  
P a r t  I of t h i s  r e p o r t  p resen t s  t h e  r e s u l t s  of a program t o  
explore the  pressure  l i m i t s  of the  new technique and t o  o b t a i n  
d a t a  on the impingement of t h e  flow a t  var ious  Reynolds numbers. 
P a r t  I1 of t h i s  r e p o r t  dea l s  wi th  an explora tory  program on t h e  
use  of the  products of combustion of hydrogen and oxygen (which 
we have named supersteam) a s  a s u b s t i t u t e  t e s t  gas  f o r  r e - e n t r y  
a i r .  This program was i n i t i a t e d  because of a need t o  overcome 
t h e  i n a b i l i t y  of hypersonic ground t e s t  f a c i l i t i e s  t o  reproduce 
t h e  thermodynamic c h a r a c t e r i s t i c s  of a i r  a t  energies  c h a r a c t e r i s -  
t i c  of r e -en t ry .  To match the  thermodynamic behavior of the  f l u i d  
i n  a wind tunnel  t o  t h a t  i n  f l i g h t ,  t he  l o c a l  r a t i o  of s p e c i f i c  
h e a t s  (y) of the two gases  must be the  same. It happens t h a t  y 
f o r  supersteam i s  ve ry  c l o s e  t o  t h a t  of the a i r  surrounding a 
v e h i c l e  during r e - e n t r y  . Using the detonat ion technique t o  pro- 
duce the supersteam, experiments have been c a r r i e d  out  comparing 
hea t ing  da ta  on t y p i c a l  models wi th  similar d a t a  obtained i n  a i r .  
PaRT I 
HIGH EWOEBS ER ROCKET PLUME SImLATION 
The g r e a t e s t  def ic iency i n  p resen t  plume impingement t e s t i n g  
c a p a b i l i t y  i s  t h e  l a c k  of f u l l - s c a l e  Reynolds number. The r e s u l t  
of t h i s  def ic iency i s  considerable  u n c e r t a i n t y  over the  hea t ing  
r a t e s  t h a t  w i l l  be experienced i n  a  f u l l - s c a l e  s i t u a t i o n .  The 
l a w s  of phys ica l  s i m i l i t u d e  s t a t e  t h a t  r e s u l t s  from a model can be 
used t o  p r e d i c t  e x a c t l y  the r e s u l t s  f o r  a  prototype if the  dimen- 
s i o n l e s s  groups t h a t  completely c h a r a c t e r i z e  behavior a r e  i d e n t i -  
c a l  i n  the  two cases .  For geometr ica l ly  s i m i l a r  and chemically 
i d e n t i c a l  flows, i d e n t i c a l  Stanton numbers (dimensionless l o c a l  
hea t  t r a n s f e r  r a t e s )  r e s u l t  when t h e  Reynolds number, Mach number, 
temperature, and pressure  r a t i o  d i s t r i b u t i o n s  a r e  a l l  matched be- 
tween model and prototype.  Pe r fec t ion  i s ,  of course,  impossible 
i n  any of  these  matches, but  f o r  p r a c t i c a l  purposes a  s a t i s f a c t o r y  
simultaneous matching of a l l  but  Reynolds number has been poss ib le  
using s h o r t  dura t ion  plume t e s t i n g  f a c i l i t i e s .  When the  engine 
t o  be simulated has  a  s u f f i c i e n t l y  low chamber pressure  and t h r o a t  
s i z e ,  i t  has been poss ib le  i n  some cases  (Ref. 1-2) t o  do model 
t e s t i n g  a t  the  c o r r e c t  Reynolds number, and only  i n  those cases  
a r e  we completely assured t h a t  r e s u l t s  a r e  v a l i d .  For l a r g e  
H2'02 rocket  engines,  i t  has no t  he re to fo re  been poss ib le  t o  ap- 
proach w i t h i n  a f a c t o r  of 20 of the  c o r r e c t  Reynolds number, 
leaving us  wi th  a l ack  of assurance of any f u l l - s c a l e  ex t rapola-  
t i o n .  A method f o r  analyzing subscale  d a t a  t h a t  shows promise of 
a t  l e a s t  shr inking  the  uncer t a in ty  i n  hea t ing  r a t e s  a t  high Reyn- 
o lds  numbers i s  i l l u s t r a t e d  g raph ica l ly  i n  F ig .  1-1, which i s  a 
log-log p l o t  of Stanton number (St)  versus  Reynolds number (Re), 
normalized t o  f u l l - s c a l e  f o r  a space s h u t t l e  main engine (SSME) . 
A s e r i e s  of h e a t  t r a n s f e r  measurements i s  made a t  d i s c r e t e  p o i n t s  
in  the flow f i e l d  at s e v e r a l  d i f f e r e n t  EbepoPds numbers. The d a t a  
f o r  each geometric p o i n t  i n  the  flow should show a c h a r a c t e r i s t i c  
s lope  on a log S t  versus  log Re p l o t ,  wi th  perhaps a change i n  
s lope  corresponding t o  t r a n s i t i o n  t o  turbulence,  o r ,  a t  ve ry  low 
R e ,  a change i n  s lope  due t o  noncontinuum e f f e c t s .  These s lope  
changes w i l l  occur a t  d i f f e r e n t  po in t s  i n  the  flow f i e l d ,  and they  
are n o t  p red ic tab le  by any known a n a l y t i c a l  method. Nominal 
s lopes  of  -0.5 f o r  laminar,  -0.2 f o r  tu rbu len t ,  and 0 f o r  
f r e e  molecular a r e  t o  be expected on log S t  versus  log Re wi thout  
l a r g e  pressure  g rad ien t  o r  sepa ra t ion  e f f e c t s .  How w e l l  the  mea- 
sured s lopes  w i l l  match these  expecta t ions  and what separa ted ,  
t r a n s i t i o n a l ,  and high g rad ien t  zones w i l l  occur a r e  ques t ions  
t h a t  p r e c i p i t a t e d  the  p resen t  research .  
The technique f o r  s imulat ing hydrogenloxygen rocket  plumes 
involves the i n t e n t i o n a l  de tonat ion  of a gaseous mixture of hydro- 
gen and oxygen i n  a shock tube.  There a r e  two poss ib le  modes of 
opera t ion:  inc iden t  de tonat ion  and backward-running de tonat ion .  
In  the  inc iden t  technique, a combustible mixture of gases  i s  i g -  
n i t e d  i n  the dr iven  tube by the  inc iden t  shock wave, which then 
becomes a de tonat ion  wave. Upon r e f l e c t i o n  from the c losed  end of 
the  shock tube, t h e  gas i s  f u r t h e r  heated and p ressu r i zed  by the  
r e f l e c t e d  shock wave, and a s tagnant ,  high-energy gas s lug  i s  pro- 
duced. To achieve quas i -s  teady f  low condit ions,  the  inc iden t  wave 
must be supported by the d r i v e r  gas ;  t h a t  i s ,  t he  p ressu re  of the  
d r i v e r  gas a f t e r  expansion must match the  pressure  immediately be- 
hind the  detonat ion wave, This technique, therefore ,  r e q u i r e s  
high d r i v e r  gas p ressu res .  For hydrogenloxgrgen plume s i m l a t i o n ,  
the inc iden t  de tonat ion  technique genera tes  a s i g n i f i c a n t l y  h igher  
t o t a l  enthalpy than cons tant  pressure  burning ( the  r e a l  rocke t  
case) because of the  energy a d d i t i o n  from t h e  unsteady shock wave 
motions. To a l l e v i a t e  t h i s ,  we make use  of the  f a c t  t h a t  the  un- 
s teady expansion behind an unsupported de tonat ion  wave cools  the  
gas somewhat. By sending a  weak shock wave through the  gas ,  and 
having the  gas i g n i t e  upon the  wave's r e f l e c t i o n  from the  end w a l l  
of the  tube, a backward-running detonat ion i s  produced. The t o t a l  
enthalpy of the  r e s u l t i n g  s tagnant  gas i s  ve ry  c l o s e  t o  t h a t  of 
the  r e a l  rocket  engine.  We might be ab le  t o  achieve a  s i m i l a r  r e -  
s u l t  by i g n i t i n g  a  s tagnant  mixture a t  one end of a  long tube;  
however, the  added p ressu re  increase  from the inc iden t  shock wave 
i s  s i g n i f i c a n t  i n  at tempting t o  achieve a s  high a  pressure  a s  pos- 
s i b l e ,  and combustion i s  more r a p i d  i n  the  compressed gas ,  s o  t h a t  
s t a r t i n g  times a r e  s h o r t e r .  
Figure 1 - 2  i s  an idea l i zed  time d i s t ance  diagram showing the  
wave processes involved. Test ing time i s  terminated by the  waves 
r e s u l t i n g  from t h e  i n t e r a c t i o n  of the detonat ion wave and the  
d r i v e r  gas i n t e r f a c e .  The procedure f o r  determining the  tunnel  
s t agna t ion  condi t ions  i s  a s  follows (see Fig.  1-2) : For t h e  mea- 
sured  inc iden t  wave speed a t  the end of the  tube,  t h e  Region 2 
s t a t e  p r o p e r t i e s  and p a r t i c l e  v e l o c i t y  a r e  ca lcu la ted ,  assuming 
rea l -gas  thermodynamic p roper t i e s  and frozen composition. The r e -  
f l e c t e d  wave i s  assumed t o  be a  Chapman-Jouguet (C-J) de tonat ion  
whose i n i t i a l  condi t ions  a r e  the  Region 2 condi t ions .  The un- 
s teady expansion from t h e  C - J  s t a t e  t o  the  tunnel  s t agna t ion  con- 
d i t i o n s  (Region 5) i s  ca lcu la ted  assuming an i s e n t r o p i c  expansion 
wi th  equi l ibr ium thermodynamic p r o p e r t i e s .  The governing equat ion 
f o r  t h i s  expansion i s  o - U = cons t .  (Ref. 1-3) ,  where 
For the  C - J  s t a t e ,  U - (U - Up), and f o r  the end w a l l  s t a t e  CJ 
(Region 5) , U = 0 .  The chemical equi l ibr ium program of Ref. 1-4 
i s  used throughout these  c a l c u l a t i o n s ,  I n  Ref. 1-5, r e s u l t s  of 
taking i n t o  account chemical nonequilibrium e f f e c t s  i n  the  un- 
s t eady  expansion a r e  presented.  I t  i s  concluded t h a t  f o r  the  
H2/02  system the  i s e n t r o p i c  expansion used i n  our work provides a 
r a p i d  and accura te  method f o r  determining t h e  gas p r o p e r t i e s  a t  
the  end of the tube.  
The f a c i l i t y  used f o r  t h e  experiments i s  the  same a s  t h a t  em- 
ployed f o r  most of our LM simulat ion work (Ref. 1 -2 ) ,  modified t o  
allow s a f e  usage of hydrogen and oxygen a t  high p ressu res .  A 
3-inch i n t e r i o r  diameter,  53-foot-long shock tube exhausts i n t o  a 
6-foot-diameter ,  12-foot-long vacuum tank (Fig.  1 -3 ) .  The 20-foot-  
long d r i v e r  s e c t i o n  of the shock tube i s  pressur ized  wi th  helium 
t h a t  can be fed  d i r e c t l y  from our gas  s to rage  system, o r  pumped 
through a compressor t o  pressures  a s  high a s  5,000 p s i ,  Tne 
d r i v e r  s e c t i o n  i s  separated from the  33-foot-long dr iven tube by 
a m e t a l l i c  diaphragm sc r ibed  so  t h a t  it w i l l  rupture  a t  a known 
b u r s t  p ressu re .  Hydrogen and oxygen a r e  mixed and loaded i n t o  the  
dr iven  tube by a mixing chamber descr ibed below. The vacuum 
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chamber i s  evacuated t o  pressures  on the order  of LO t o r r  by a 
300-cfm roughing pump and one 20-inch f r a c t i o n a t i n g  o i l  d i f f u -  
s i o n  pump. 
The key t o  the s a f e t y  of the  system i s  the  handling of the  
hydrogen and oxygen, They a r e  loaded through a mixing chmber 
(Ref. 1-61 loca ted  (with i t s  a s soc ia ted  c o n t r o l  va lves  and sensing 
instrumentat ion)  i n  a sepa ra te  explosion-proof room wi th  a blow- 
o f f  roof .  The two gases  a r e  f e d  i n t o  plenums i n  the  chamber, then 
through o r i f i c e s  where they impinge on one another  and mix. The 
mixture then passes  t o  the  dr iven tube.  I f  the  gases  a r e  f e d  a t  
the  same plenum pressure  and temperature, the  mixture r a t i o  i s  
c o n t r o l l e d  s o l e l y  by the s i z e  of the  two o r i f i c e s .  
The gas handling c o n t r o l  monitors the  d i f f e r e n t i a l  pressure  
across  the  mixing chamber, the  i n l e t  pressure  t o  the  chamber and 
the  dr iven-tube pressure  (Fig.  1-4) , Four dome p ressure  r egu la -  
t o r s  a r e  c o n t r o l l e d  by dc v e l o c i t y  servo-driven r e g u l a t o r s .  
The r o t a t i o n a l  v e l o c i t i e s  of the servo-driven r e g u l a t o r s  a r e  
p ropor t iona l  t o  t h e i r  input  vo l t ages .  Therefore, i f  both the  Hz 
and O2 servo and dome r e g u l a t o r  systems have i d e n t i c a l  t r a n s f e r  
funct ions  and t h e  same i n i t i a l  condi t ions ,  a vol tage  appl ied  t o  
both would cause the  mixing chamber t o  be suppl ied  wi th  Hp and 
O2 a t  t h e  same pressure  and wi th  t h e  same r a t e  of change of pres-  
s u r e .  Since i t  i s  impossible t o  guarantee i d e n t i c a l  t r a n s f e r  
f u n c t i o n s ,  we use a feedback r a t h e r  than open loop c o n t r o l .  We 
c o n t r o l  the  Hz servo so t h a t  t h e  supply pressure  minus t h e  
dr iven  tube pressure  i s  a cons tan t .  This y ie lds  a cons tant  volume 
flow r a t e  i n t o  t h e  dr iven tube.  W e  c o n t r o l  the  O2 servo w i t h  
the  same s i g n a l  plus  an e r r o r  s i g n a l  synthesized from the  d i f f e r -  
e n t i a l  pressure  t ransducer .  The O2 s e r v o ' s  r a t e  i s  t h e r e f o r e  
equal  t o  the  Hz r a t e  f o r  no e r r o r  and i s  e i t h e r  increased  o r  de- 
c reased  t o  n u l l  out  any e r r o r  ac ross  the mixing chamber. 
Figure 1 -5  shows the a c t u a l  output  of our system. The p res -  
su re  d i f f e r e n t i a l  across  the  mixing chamber (" the e r r o r " )  has  i t s  
g r e a t e s t  va lue  a t  t = O and i s  r a p i d l y  dr iven  to i t s  cons tan t  
va lue  (0 .I psid) ,  Since the c o n t r o l  n ~ k e s  the l a r g e s t  e r r o r  
around t =. 0 ,  and we a r e  loading a t  2 cons tant  volumetric flow 
r a t e ,  even a very  l a r g e  i n i t i a l  e r r o r  has  a ve ry  s m a l l  e f f e c t  on 
t h e  f i n a l  masses of the  two c o n s t i t u e n t s .  
In  add i t ion  t o  c o n t r o l l i n g  t h e  H2 and O2 flow rate, t h e  
system cont inuously monitors the  dr iven-tube p ressu re ,  When t h e  
dr iven  tube reaches a pressure  p r e s e t  by the  opera tor ,  t he  loading 
ceases  automatical ly ,  and a l l  l i n e s  a r e  purged semiautomatically.  
While the loading i s  taking place,  the  r a t e  of change of dr iven-  
tube pressure  i s  monitored. I f  t h i s  r a t e  of change exceeds a c e r -  
t a i n  p r e s e t  amount, the  system shu t s  a l l  va lves  t o  guard a g a i n s t  
a u t o i g n i t i o n  and/or  compressing the  mixture too quickly.  
During one loading sequence i n  the  c u r r e n t  program we exper i -  
enced an  a u t o i g n i t i o n .  A l l  s a f e t y  systems cpera ted  a s  designed; 
however, r e s i d u a l  oxygen vent ing from the  pipe between the  supply 
b o t t l e s  and the  rup tu re  d i sk  caused s i g n i f i c a n t  l o c a l  burning of 
the  gas handling system i n  the  v i c i n i t y  of the  mixing chamber. To 
prevent recurrence,  an additional-  va lve  (A i n  Fig .  1-4) was added 
c l o s e  t o  the  mixing chamber t o  prevent  t h e  vent ing of the r e s i d u a l  
oxygen. Runs continued without  inc iden t  a f t e r  t h i s  modif ica t ion .  
We have monitors on the  mixing chamber t o  guard a g a i n s t  regu- 
l a t o r  c o n t r o l  system f a i l u r e .  I f  the  d i f f e r e n t i a l  pressure  on the  
mixing chamber exceeds 5 ps id  i n  e i t h e r  d i r e c t i o n ,  the  system 
w i l l  shu t  down automat ica l ly .  
The gas  handl ing system incorpora tes  a i r -opera ted  valves and 
plumbing r a t e d  t o  60,000 p s i  i n  a l l  exposed loca t ions .  I n  the  
c e i l i n g  over the  dr iven  tube we have mounted Hz de tec to r s  t h a t  
w i l l  sound an alarm i n  the event of  an Hz l eak .  These sensors  
a r e  manufactured by Figaro Engineering of Osaka, Japan, and a r e  
s e n s i t i v e  t o  any reducing gas .  We have connected t h e s e  t o  provide 
a v i s u a l  and audib le  warning. In a d d i t i o n  t o  these  precaut ions ,  
t h e  c e i l i n g  a r e a  i s  cons tan t ly  exhausted through an explosion-  
proof blower, and a l l  l i g h t i n g  i n  t h e  a r e a  i s  explosion-proof .  
The tunnel  opera tor  i s  separated from t h e  dr iven tube by s t e e l  
b l a s t  mats and has access t o  an abor t  switch t h a t  would c l o s e  a l l  
va lves .  
Instrumentat ion 
The f a c i l i t y  has  a v a i l a b l e  up t o  40 channels of da ta  a c q u i s i -  
t i o n .  The d a t a  may be e i t h e r  pressure  o r  hea t  t r a n s f e r  measure- 
ments, o r  both i n  combination. Heat t r a n s f e r  r a t e s  a r e  measured 
wi th  platinum t h i n  f i l m  gauges (Ref. 1-7) t h a t  have a response 
time compatible wi th  our  f a c i l i t y .  We have measured hea t  t r a n s f e r  
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r a t e s  from 0.05 t o  above 2000 ~ t u / f t  s ec .  For hea t ing  r a t e s  
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above 300 ~ t u / f t  sec ,  n o n l i n e a r i t i e s  i n  t h e  gauge backing mate- 
r i a l  complicate t h e  system so t h a t  a maximum of only 20 channels 
can be recorded. Pressures  a r e  measured wi th  e i t h e r  s tandard  
p i e z o e l e c t r i c  gauges ( f o r  pressures  above 1 ps ia)  o r  Grumman- 
designed p i e z o e l e c t r i c  gauges f o r  low pressure  ranges (Ref. 1-8) .  
Half of t h e  d a t a  a r e  recorded through FM/FM mult iplexing on mag- 
n e t i c  t ape  and a r e  played back and reduced a f t e r  t h e  run .  The 
o t h e r  h a l f  a r e  recorded photographical ly  from osc i l loscopes  and 
can be viewed d i r e c t l y  a f t e r  t h e  run .  
Photographic coverage a v a i l a b l e  includes time-exposure glow 
photographs ( e i t h e r  i n  co lo r  o r  b lack  and whi te ) ,  high-speed 
movies (up t o  16,000 frames/sec) ,  and, where t h e r e  i s  s u f f i c i e n t  
dens i ty ,  s c h l i e r e n  photographs. 
F e a s i b i l i t y  Studies  
Before embarking on the  major f a c i l i t y  modif icat ion program, 
a s h o r t  p i l o t  program was run,  f i r s t  i n  a 1.5-inch-diameter 
shock tube wi th  a 7-foot-long dr iven s e c t i o n  and then i n  the  
l a r g e  shock tunnel plume s imula tor .  I n  the  small  tube, t h e  onse t  
of i g n i t i o n  was de tec ted  by observing ON emission a t  40641, 
and t h e  ex i s t ence  of a backward-running detonat ion wave was con- 
firmed. It was a l s o  e s t a b l i s h e d  t h a t  the  condi t ions  t h a t  produced 
a backward-running de tonat ion  were bounded: Too weak an i n c i d e n t  
shock r e s u l t e d  i n  no i g n i t i o n  o r  a r a t h e r  long i g n i t i o n  de lay  
behind the  r e f l e c t e d  wave, while  too s t rong an inc iden t  shock 
formed an inc iden t  de tonat ion  (Ref. 1-9) . 
The use of the shock tunnel  experimental conf igura t ion  per -  
mi t ted  opera t ion  a t  h igher  pressures ,  longer t e s t  times, measure- 
ments of wave speeds, and measurement of h e a t  t r a n s f e r  r a t e s  i n  
the  simulated rocket  plumes. The shock tunnel  w a s  instrumented 
wi th  four  pressure  t ransducers ,  loca ted  0.1,  0 .3 ,  1 .3 ,  and 2 .3  
f e e t  from the  nozzle end w a l l .  With t h i s  arrangement, we can a s -  
c e r t a i n  the  inc iden t  and r e f l e c t e d  wave speeds and pressures  from 
which t h e  tunnel s t agna t ion  condi t ions  can be ca lcu la ted  by the  
procedure ou t l ined  previous ly  using the  real gas computer program 
of Ref. 1-4.  
In  p r a c t i c e ,  we measured a s m a l l  i g n i t i o n  de lay  time of  
20psec and a s l i g h t  v a r i a t i o n  i n  r e f l e c t e d  detonat ion wave speed 
near  the  end wa l l  a s  the i g n i t i o n  mechanism waves (Ref. 1-10) de- 
cayed. Several  inches from the  end w a l l  the  r e f l e c t e d  wave speed 
w a s  e s s e n t i a l l y  i d e a l .  W e  a l s o  found t h a t  the  measured s t agna t ion  
pressure ,  P5, was h igher  than the  c a l c u l a t e d  va lue .  The i g n i -  
t i o n  mechanism waves are too weak to  show up on the s t agna t ion  
pressure  records,  bu t ,  together  wi th  the  e f f e c t s  of a  slowly a t -  
tenuat ing inc iden t  shock wave, probably account f o r  the  h igher  
measured s t agna t ion  pressure  P5 . The r e s u l t s  of a l l  of these  
c a l c u l a t i o n s  a r e  shown i n  Table 1-1. Having a  h igher  than i d e a l  
s t agna t ion  pressure  i s  b e n e f i c i a l  i n  t h a t  i t  r a i s e s  the  nozzle  
Reynolds number, bu t  i t  a l s o  r a i s e s  the  t o t a l  enthalpy.  The en- 
tha lpy  va lues  shown i n  Table 1-1 a r e  based on zero  enthalpy f o r  
room temperature comon gases  (Ref. 1-4) . In terms of abso lu te  
t o t a l  enthalpy, t h e  f u l l - s c a l e  space s h u t t l e  main propulsion en- 
g ine  runs a t  about 3000 cal/gm, t h e  de tonat ion  tube " i d e a l "  en- 
tha lpy  i s  3470 cal/gm, and the detonat ion tube "measured" en- 
tha lpy  i s  3850 cal/gm. From these  i n i t i a l  experiments, we found 
t h a t  a  region of cons tant  thermodynamic p r o p e r t i e s  e x i s t e d  i n  t h e  
plume f o r  more than th ree  mil l iseconds.  The t e s t i n g  time w a s  
terminated by t h e  a r r i v a l  of waves r e s u l t i n g  from the  i n t e r s e c t i o n  
of the  detonat ion wave and the con tac t  su r face .  
A s h o r t  plume impingement t e s t  program (Ref. 1-11) was run 
using two 1/100 s c a l e  space s h u t t l e  main propulsion nozzles 
mounted i n  the  shock tube end w a l l .  The success of t h i s  pre l imi-  
na ry  program l e d  us  t o  the f a c i l i t y  modif icat ions descr ibed previ -  
ously,  t o  allow the  use of hydrogen and oxygen a t  h igher  pres-  
s u r e s .  
With the  dr iven  tube blanked o f f ,  a  s e r i e s  of runs was made 
wi th  g radua l ly  increas ing  i n i t i a l  pressures  of the  hydrogen oxygen 
mixture.  As t h i s  pressure  was increased,  the re  was a decrease i n  
the margin i n  diaphragm pressure  r a t i o  (PLI1) between t h a t  which 
i g n i t e d  t h e  gas on the  inc iden t  wave and t h a t  which i g n i t e d  i t  on 
the  r e f l e c t e d  wave. Figures 1-6a, 1-6b, and 1-6c a r e  pressure  
t r a c e s  from the  l a s t  two t ransducers  n e a r e s t  the  tube end w a l l  a t  
an i n i t i a l  pressure  (PI) of 125 psia ,  showing no i g n i t i o n ,  in -  
c idene detonat ion,  and r e f  l e e  ted detonat ion,  r e s p e c t i v e l y ,  F ig -  
u r e  1 - 7  i s  a p l o t  of Ph1 showing the  experimental  boundaries of 
the  t h r e e  zones. Also shown a r e  the  s tagnat ion  p ressu res  (P5) 
achieved a t  the  end of the tube f o r  the  successfu l  runs .  A t  a Pl 
of 227 psia ,  we were unable t o  prevent  the  mixture from detonat -  
ing on the inc iden t  wave except a t  very  low diaphragm pressure  
r a t i o s ,  where we obtained no i g n i t i o n  a t  a l l .  
We attempted t o  determine the  cause of t h i s  anomalous be- 
havior  experimental ly  without  much success .  By using a n i t rogen  
b u f f e r  gas between the  d r i v e r  and dr iven tubes wi th  no change i n  
r e s u l t s ,  we el iminated the  p o s s i b i l i t y  t h a t  the  diaphragm opening 
was t r i g g e r i n g  the  i g n i t i o n .  Diaphragm mate r i a l  was v a r i e d  w i t h  
aluminum, s t e e l ,  and mylar --- a l l  being used with no change. We 
a l s o  looked i n t o  the  p o s s i b i l i t y  of su r face  c a t a l y s i s  i n h i b i t i n g  
t h e  i g n i t i o n  behind the  r e f l e c t e d  de tonat ion  a t  the end w a l l .  The 
las t  th ree  f e e t  of the  tube i s  cons t ruc ted  of a high n i c k e l  con- 
t e n t  s t a i n l e s s  s t e e l  (316), whereas the  remainder of the  tube i s  
4340 s t e e l .  Destruct ion of chain c a r r i e r  r a d i c a l s  (H, 0, and 
OH) a t  a c a t a l y t i c  w a l l  i s  a major e f f e c t  i n  e s t a b l i s h i n g  explo- 
s i o n  l i m i t s ,  and most research  on these l i m i t s  i s  done i n  v e s s e l s  
wi th  coat ings  of var ious  s a l t s  on the wa l l s  t o  provide reproduc- 
i b l e  su r faces  of c a t a l y t i c  a c t i v i t y  (Ref. 1-12) .  Although one 
would expect w a l l  e f f e c t s  to  be l e s s  important a t  the  h igher  pres-  
s u r e s ,  the g r e a t e r  su r face  area-to-volume r a t i o  of the  end w a l l  
zone and the  poss ib le  c a t a l y t i c  na tu re  of the  s t a i n l e s s  s t e e l  s u r -  
face  could make wa l l  e f f e c t s  s i g n i f i c a n t .  We the re fo re  t r i e d  
coat ing  the  end of the  tube wi th  NaCl, bu t  de tec ted  no d i f f e r -  
ence i n  end w a l l  i g n i t i o n  l i m i t s .  Attempts t o  vary moisture  con- 
t e n t ,  another  f a c t o r  bown t o  be important i n  e s t a b l i s h i n g  explo- 
s i o n  l i m i t s ,  were a l s o  unsuccessful  i n  producing end w a l l  i g n i t i o n  
When the  gas mixture i g n i t e d  behind t h e  inc iden t  wave, t h e  
pressure  and temperature before  i g n i t i o n  were obviously much lower 
than t h e  values behind the  r e f l e c t e d  waves where no i g n i t i o n  oc- 
cu r red .  Recently we came across  the  work of Neer a t  Ohio S t a t e  
Univers i ty  (Ref. 1-13) . He a l s o  observed low temperature i g n i -  
t i o n s  behind inc iden t  shock waves. H i s  experimental  evidence l e d  
t o  the  p o s t u l a t e  t h a t  t h e  cause i s  a s soc ia ted  wi th  t h e  f a c t  t h a t  
the  gas  i s  flowing. H i s  premise i s  t h a t  p o s i t i v e l y  charged p a r t i -  
+ 
c l e s  such as Hg a r e  generated by the  flow over the  w a l l .  These 
p a r t i c l e s  r e a c t  very r a p i d l y  wi th  n e u t r a l  molecules t o  form a c t i v e  
r a d i c a l s .  I f  h i s  pos tu la t ion  i s  c o r r e c t ,  i t  would expla in  why we 
obtained no i g n i t i o n  a t  a l l  behind the r e f l e c t e d  wave a t  low d ia -  
phragm pressure  r a t i o s .  The temperatures i n  the  s tagnant  Region 5 
a t  the  end of the  tube were below the temperatures f o r  s t a t i c  i g -  
n i t i o n ,  while  i g n i t i o n  was of t e n  caused a t  lower temperatures by 
the  flow e f f e c t  behind i n c i d e n t  waves. 
To produce the  des i red  backward-running de tonat ion  wave a t  
i n i t i a l  pressures  (PI) above 237 p s i a  we went t o  a p o s i t i v e  i g -  
n i t i o n  source.  A spark  i g n i t e r  was designed and mounted i n  t h e  
w a l l  of the dr iven  tube c l o s e  t o  the  downstream diaphragm. A 
c a p a c i t i v e  discharge c i r c u i t  i s  t r igge red  by t h e  passage of the  
weak inc iden t  wave by a pressure  transducer upstream i n  the  tube.  
The v a r i a b l e  de lay  i n  the  c i r c u i t  i s  timed t o  s e t  o f f  the  spark  
a t  t h e  a r r i v a l  of the  wave a t  t h e  end w a l l .  Figure 1-8 i s  a sche- 
matic diagram of the  spark  i g n i t e r ,  and Fig.  1-9 i s  a schematic of 
the  f i r i n g  c i r c u i t r y .  Using t h i s  system we have had no problems 
i n  achieving backward-running detonat ions a t  i n i t i a l  pressures  a s  
h igh  a s  500 p s i a .  
Pressure  Limitat ion 
In  the pressure  buildup runs we encountered nothing of a 
b a s i c  n a t u r e  t h a t  would prevent  the  backward-running technique 
from producing pressure  i n  excess of 10,000 p s i .  The spark  i g -  
n i t e r  worked w e l l ,  We had one mtshap during which our automatic 
s a f e t y  procedures worked a s  designed, and dmage was l o c a l i z e d  i n  
the  region of the  mixing chamber w i t h i n  the  separa te  d r i v e r  room 
of our l abora to ry .  In  t h i s  p a r t i c u l a r  case an a u t o i g n i t i o n  oc-  
cur red  during loading.  After  the  gas  supply automat ica l ly  s h u t  
o f f ,  r e s i d u a l  oxygen i n  the  l i n e  between the O2 supply and t h e  
mixing chamber vented through a rup tu re  d i s k  causing severe  l o c a l  
burning of t h e  s t e e l  chamber and p ip ing .  After  r e p a i r s ,  an add i -  
t i o n a l  va lve  was placed i n  the  oxygen l i n e  c lose  t o  the  mixing 
chdmber and runs continued without  f u r t h e r  inc iden t .  
We decided, however, t o  l i m i t  t he  bulk of our running t o  a 
pressure  no h igher  than GOO0 p s i  f o r  seve ra l  reasons.  The ex- 
tremely e n e r g e t i c  na tu re  of the  hydrogen/oxygen flow caused a 
number of small  problems which when taken a s  a whole cons iderably  
slowed the running process and caused concern. Our tubes a r e  
4340 s t e e l  and i n t e r n a l  p i t t i n g  and e ros ion  became more severe  a s  
the  pressure  was increased.  The models and e s p e c i a l l y  t h e  i n s t r u -  
mentation were subjected t o  a much more severe environment than 
any o the r  t e s t i n g  we had ever  done. Models being h i t  by i s o l a t e d  
p a r t i c l e s  caused a higher  than normal incidence of erroneous d a t a .  
Great ca re  had t o  be taken t o  s h i e l d  cables  and wires  from expo- 
su re  t o  the flow. 
We b e l i e v e  t h a t  by proper a t t e n t i o n  t o  design d e t a i l s ,  a 
f a c i l i t y  could be designed s p e c i f i c a l l y  f o r  hydrogen/oxygen usage 
t h a t  would minimize these problems. We po in t  out  i n  our des ign  
s p e c i f i c a t i o n  r e p o r t  (Ref. 1-14] many things t h a t  would improve 
the  s i t u a t i o n .  But s ince  our  f a c i l i t y  was a modif icat ion of an 
e x i s t i n g  shock tunnel ,  located i n  a l abora to ry  environment c l o s e  
t o  o t h e r  f a c i l i t i e s  and personnel,  we f e l t  i t  prudent t o  s top  a t  
6800 p s i ,  
Plume d a t a  were obtained f o r  a three-nozzle  a r r a y  ( F i g ,  1-10) 
designed t o  r ep resen t  an approximately 1150th s c a l e  space s h u t -  
t l e  main engine c l u s t e r ,  and a s i n g l e  nozzle  (Fig.  1-11) chosen t o  
be t h e  equiva lent  of the  three-nozzle  a r r a y .  The c r i t e r i o n  f o r  
equivalency was equal mass flows through the s i n g l e  nozzle and 
through the  c l u s t e r .  The nozzles were 15"  cones wi th  an a r e a  
r a t i o  of  90. A continuous curvature  was maintained between t h e  
t h r o a t  and the  con ica l  sec t ion  t o  minimize the  p o s s i b i l i t y  of i n -  
t e r n a l  shock waves. Data were obtained a t  nominal chamber p res -  
sures  (p5) of 2550 p s i a ,  2725 p s i a ,  and 6000 p s i a .  The shock 
tube running condi t ions  f o r  these  th ree  pressure  l e v e l s  a r e  g iven  
i n  Tables 1 - 2 ,  1-3,  and 1-4, r e s p e c t i v e l y .  The purpose of running 
t h e  equiva lent  nozzle  was t o  ob ta in  an assessment of the v a l i d i t y  
of using c a l c u l a t i o n s  f o r  a s i n g l e  nozzle  plume t o  r ep resen t  a 
multiengine exhaust .  The cen t ro id  of a r e a  f o r  the three-nozzle  
a r r a y  was loca ted  on t h e  c e n t e r l i n e  of the  s i n g l e  equiva lent  noz- 
z l e .  
Both p i t o t  pressure  and s t agna t ion  po in t  h e a t  t r a n s f e r  s u r -  
veys were made. Equivalent nozzle da ta  were obtained a t  6 and 
8 equiva lent  nozzle  e x i t  r a d i i  (x/R,) downstream of the engine 
e x i t  plane,  and the  multinozzle surveys were obtained a t  X/Re1s 
of 6 ,  1 2 ,  and 24. For the  s i n g l e  nozzle  survey a t  X/R, of 
8, the  s imulated chamber pressure  was 2725 p s i a .  
Data were obtained f o r  plumes exhausting i n t o  a near  vacuum 
(= l o m 5  t o r r )  and i n t o  an ambient pressure  of 41 ps fa .  This  
l a t t e r  pressure  was chosen such t h a t  the plume boundary nea r  t h e  
nozzle  e x i t  plane matched t h a t  of a plume a t  a s tag ing  a l t i t u d e  of 
120,000 f e e t  and a f r e e  stream Mach number of 4 .  
Pressure  
The p i t o t  pressure  data obtained i n  t h i s  contrac t  a r e  p r e -  
sented  i n  P igs .  1-12 through 1-18 f o r  the  2550 and 2725 p s i a  
r u n s ,  I n  genera l ,  the pressure  da ta  a re  n o t  considered a s  accu- 
r a t e  a s  the  h e a t  t r a n s f e r  da ta .  The t ransducers  respond t o  ac-  
c e l e r a t i o n s ,  and under the  extreme environment of t h i s  flow t h e  
t r a c e s  we obtained were q u i t e  noisy .  This we be l i eve  accounts f o r  
t h e  considerable  s c a t t e r  seen i n  a l l  of our  p i t o t  pressure  da ta .  
W e  discounted most of the  d a t a  below l p s i a  and d id  not  u s e  any 
po in t s  t h a t  were obviously s t r u c k  by a barge p a r t i c l e  i n  the  flow. 
Those po in t s  remaining we f e e l  t o  be accura te  t o  w i t h i n  a t  l e a s t  
+25%, and i n  many eases  much b e t t e r  than t h a t .  
The s i n g l e  nozzle d a t a  a t  X/R, of 6 and 8 obtained wi th  
t h e  tank a t  vacuum p r i o r  t o  the  run a r e  shown i n  Figs .  1-12 and 
1-14. Also shown i s  a c a l c u l a t e d  d i s t r i b u t i o n  obtained from 
Ref. 1-5,  a r e p o r t  by Lockheed-Huntsville on a n a l y t i c a l  work sup- 
por ted  under sepa ra te  c o n t r a c t ,  The c a l c u l a t e d  pressures  appear 
t o  be q u i t e  a b i t  above the  da ta  near  the  c e n t e r l i n e  of the  nozzle .  
Lockheed a t t r i b u t e s  t h i s  t o  a p a r t i c l e  dominated flow wi th in  the  
extens ion  of the  nozzle-cone angle .  However, i t  i s  doubtful  t h a t  
p a r t i c l e s  would cause lower pressure  readings .  A t  a tank p ressu re  
of 41 p s f a  a t  an X/R  of 6 ,  the l imi ted  d a t a  obtained agree  
e 
ve ry  w e l l  wi th  the  c a l c u l a t i o n s  a s  shown i n  Fig .  1-13. The r e a -  
sons f o r  the discrepancy between theory and experiment a r e  n o t  
understood, although we d iscuss  a few p o s s i b i l i t i e s  under t h e  h e a t  
t r a n s f e r  s e c t i o n  below. We f e e l  t h a t  i t  i s  probably a combination 
of seve ra l  f a c t o r s  n o t  a l l  a t t r i b u t a b l e  t o  the  experiment. 
The d a t a  obtained f o r  the  three-nozzle  a r r a y  a t  X/R,' s  of 
6 and 12 a r e  p l o t t e d  i n  F igs .  1-15 and 1-17 f o r  the  vacuum con- 
d i t i o n s ,  and i n  F i g s ,  1-16 and 1-18 f o r  a tank pressure  s f  
41  ps fa .  No pressure  d a t a  was obtained a t  an x/% of 24. The 
t h e o r e t i c a l  curves on these p l o t s  are again f o r  the s i n g l e  equiva- 
l e n t  nozzle  and are  t h e r e f o r e  no t  d i r e c t l y  comparable. The plume 
boundary a t  simulated s tag ing  a l t i t u d e  seems t o  be w e l l  cha rac te r -  
i zed  by the equiva lent  nozzle  r ep resen ta t ion ,  however, i n  the  near  
f i e l d  d iscrepancies  e x i s t .  Since reasonable agreement was ob- 
t a ined  between near  c e n t e r l i n e  da ta  obtained a t  the two d i f f e r e n t  
background pressures  (Figs .  1 - 1 7  and 1-18) we would tend t o  be- 
l i e v e  t h a t  the  equiva lent  nozzle r ep resen ta t ion  i s  n o t  v a l i d  near  
the  plume c e n t e r l i n e ,  
P i t o t  pressure  d a t a  obtained a t  a  nominal s t agna t ion  p ressu re  
of 6 0 0 0  p s i a  were extremely l imi ted  due t o  the severe environ- 
ment of the flow. Those poin ts  t h a t  were obtained a r e  presented 
i n  F ig .  1-19. No a n a l y t i c a l  c a l c u l a t i o n s  were made by Lockheed 
f o r  t h i s  pressure .  
Stagnat ion Poin t  Heat Transfer  
Stagnat ion p o i n t  hea t ing  r a t e  surveys were made f o r  both t h e  
s i n g l e  equiva lent  nozzle  a t  x / R ~ ' s  of 6 and 8, and f o r  the 
three-nozzle  a r r a y  a t  X/Re l  s of 6 ,  12,  and 24. Vacuum and 
s taging  a l t i t u d e  (41 psfa)  condi t ions were simulated a t  X/R, Is 
of 6 ,  1 2 ,  and 24. Figures 1-20 through 1-35 present  these  d a t a  
taken a t  s t agna t ion  pressures  of 2550 and 2725 p s i a .  Compari- 
sons wi th  a n a l y t i c a l  ca lcu la t ions  (Ref. 1-5) f o r  the s i n g l e  nozzle  
a r e  a l s o  shown f o r  the vacuum condi t ion  a t  X/R Is of 6 and 8 
e  
i n  F igs .  1-20 and 1-21, and f o r  the s tag ing  a l t i t u d e  condi t ion  a t  
X/R, of 6 i n  F ig .  1-22. Data f o r  the  s tag ing  a l t i t u d e  a t  x /Re  
of 8  a r e  shown i n  Fig.  1-23. The c a l c u l a t i o n s  were l i m i t e d  t o  a  
very  small  por t ion  of a l l  da ta  obtained, but  wi th  one except ion 
the  agreement i s  good. The exception i s  f o r  the  X/Re = 6 case ,  
a t  R/%'s l e s s  than F-2. Raw data  t r a c e s  from t h i s  reg ion  were 
c a r e f u l l y  examined, and with the  poss ib le  exception of the e e n t e r -  
2 Line gauge which read  2000 ~ t u l f t  -see a t  vacuum, the  t r a c e s  
appear good wi th  no evidence of gar t i .c le  impingement. The center-  
l i n e  r a t e  obtained a t  a tank pressure  of 41  ps fa  was o n l y  
2 1300 ~ t u / f  t -sec (Pig.  1-22),  which appears t o  be a v a l i d  r a t e .  
This,  however, i s  s t i l l  considerably h igher  than the  c a l c u l a t e d  
va lue  shown i n  the  f i g u r e .  
The reasons f o r  t h i s  discrepancy a r e  no t  known. S imi la r  d i f -  
fe rences  between da ta  and theory were obtained i n  the  nea r  f i e l d  
during our s imula t ion  of the  LM rocket  plumes (Ref. 1 -2 ) .  A s  was 
the  case  wi th  the  p i t o t  pressure  r e s u l t s ,  we be l i eve  t h a t  t h e  d i f -  
fe rence  i s  probably caused by a combination of s e v e r a l  f a c t o r s ,  
such  as :  undetected p a r t i c l e  impingement, r a d i a t i v e  h e a t  t r a n s f e r  
n o t  accounted f o r ,  nonuniform nozzle  flow causing shocks o r  g r a d i -  
e n t s  n o t  accounted f o r ,  assumed t r a n s p o r t  p roper t i e s  n o t  c o r r e c t  
a t  the high temperature condi t ions ,  and poss ib le  i n c o r r e c t  gauge 
c a l i b r a t i o n  due t o  change i n  s u b s t r a t e  p roper t i e s  a t  h igh  tempera- 
t u r e s .  The l a t t e r  i s  accounted f o r  by the  method of Ref. 1-15, 
but  t h e r e  may be some e r r o r  involved i n  the ex t rapo la t ions  used. 
However, when the d iscrepancies  were noted i n  the L,M t e s t s ,  t he  
hea t ing  r a t e s  were considerably lower than i n  the  present  case  so 
t h i s  explanat ion  i s  doubt fu l .  Previous L,M r e s u l t s  showed our  da ta  
t o  be i n  e x c e l l e n t  agreement wi th  theory throughout t h e  r e s t  of 
the  flow f i e l d  including the  r a r e f i e d  regions of the  plume. 
Comparisons of these  da ta  between the s i n g l e  engine and the  
multiengine were only  obtained a t  X / R ~  = 6 .  They show t h a t  t h e  
s i n g l e  equiva lent  nozzle  does n o t  g ive  a good s imula t ion  of the  
mult inozzle  a r r a y  (Figs .  1-24 through 1-27).  A t  X / % ' s  of  12 
and 24, the  hea t ing  r a t e s  taken wi th  the  rake i n  the v e r t i c a l  
p o s i t i o n  (Figs .  1-28 through 1-31) a r e  h igher  on the  bottom than 
on the top.  The hor izon ta l  surveys (Pigs. 1-32 through 1-35) showed 
e t r i c a l  hea t ing  r a t e s  a s  expected. A t  the  simulaeed s t ag ing  
a l t i t u d e  t h e r e  appears t o  be  sGme s o r t  a f  shock i n t e r a c t i o n  e f f e c t  
i n  the anultinozzle plumes as evidericed by the very high heatFng 
r a t e s  near  the  cen te r  a t  X/R, = 24. 
A t  the nominal s t agna t ion  pressure  of 6800 psia,  s i m i l a r  
surveys were made a t  vacuum condi t ions  ( ~ i g s ,  1-36 through 1-42).  
The s e v e r i t y  of the  flow, h ~ w e v e r ,  was such t h a t  fewer po in t s  were 
obtained near  the  c e n t e r l i n e ,  Also, time d id  n o t  permit surveys 
a t  a  simulated s tag ing  a l t i t u d e ,  The t rends were s i m i l a r  t o  those 
obtained a t  2550 p s i a ,  and the  magnitude of the  hea t ing  r a t e s  
s c a l e s  approximately wi th  the square roo t  of the p ressu re .  No 
c a l c u l a t i o n s  were c a r r i e d  out  f o r  t h i s  s t agna t ion  pressure .  
Plume impingement da ta  were obtained on a  s ix - inch  diameter 
cy l inder ,  a t  both 2725  and 6008 p s i a  s tagnat ion  pressures ,  and 
a t  vacuum and t h e  s i - m l a t e d  s tag ing  a l t i t u d e .  For the s i n g l e  
equiva lent  nozzle the cy l inder  was o r i en ted  a t  both 0" and 10" 
i n c l i n a t i o n  to  the  nozzle  c e n t e r l i n e .  The geometr ical  o r i e n t a t i o n  
i s  i l l u s t r a t e d  i n  F ig .  1-43. For ehe three-nozzle  a r r a y ,  the  c y l -  
inder  was t e s t e d  only a t  0" t o  the  c e n t e r l i n e .  The l o c a t i o n  of 
the  h e a t  t r a n s f e r  and pressure  gauges a r e  shown schematical ly  i n  
Fig.  1-44. Additional coverage was obtained by s h i f t i n g  the  c y l -  
inder  1 1 2  an equiva lent  nozzle r ad ius  r e l a t i v e  t o  the nozzle  e x i t  
plane and running twice f o r  each nozzle and tank pressure .  
Pressure  
The pressure  da ta  obtained a t  = 2725 p s i a  a r e  presented 
i n  F igs .  1-45 through 1-50,  Also shown are ca%cula t ions  based on 
the  modified Newtonian impact theory (Ref, 1-5) f o r  the  s i n g l e  
equiva lent  nozzle ,  In genera l ,  the a n a l y t i c a l  p red ic t ions  axe 
w i t h i n  t h e  mean value s f  the experimental data s c a t t e r ,  Tlae only 
exception i s  in Row B, wh-ere the experimental data i n d i c a t e  k h e  
poss ib le  presence of a shock impingement i n  the v i c i n i t y  o f  X / R ~  
of 3 (Fig.  1-45] . This shock shows up For both the  s i n g l e  and 
three-nozzle  d a t a  i n  about 17he same l o c a t i o n  f o r  the vacuum csndi -  
t i o n  (Fig.  1-49) .  Since pressures  were n o t  obtained beyond an X/R, 
of 2 on the  top row (C) the  shock might n o t  show up. Careful  
examination of the 10" vacuum d a t a  (Fig.  1-47) a l s o  shows a poss i -  
b l e  shock impingement. This i s  e n t i r e l y  cons i s t en t  wi th  our  ex- 
per ience  on the  LM t e s t s  where d iagnos t i c  h e a t  t r a n s f e r  d a t a  on a 
s e t  of impingement sur faces  showed a weak shock emanating from t h e  
nozzle  and impinging upon the  l o c a t i o n  of a plume d e f l e c t o r  
(Ref, 1-16) . The hea t ing  d a t a  from the  p resen t  t e s t s  presented 
below a l s o  g i v e  evidence of such a shock impingement problem. It 
should be noted ,  t h a t  with the  except ion of luminosi ty  from photo- 
graphs of impinging flows (Ref. 1-16) ,  we have never been a b l e  t o  
see  such shock waves wi th  s c h l i e r e n  photography during our EM work, 
even though they were s t rong enough t o  a f f e c t  impingement p ressu re  
and hea t ing  ve ry  s i g n i f i c a n t l y .  The ex i s t ence  of weak shock waves 
i n  conica l  nozzles  has  been pos tu la ted  i n  the  l i t e r a t u r e  (Ref. 1-17) .  
The very l i m i t e d  pressure  d a t a  obtained on the  cy l inder  a t  t h e  
nominal s t agna t ion  pressure  of 6000 p s i  a r e  presented f o r  com- 
p le teness  i n  F igs .  1-51 through 1-53. Not enough d a t a  were ob- 
ta ined  a t  t h i s  pressure  t o  draw any conclusions.  
Heating Rates 
Heating r a t e  da ta  obtained on t h e  6-inch diameter cy l inder  a t  
a pressure  of 2725 p s i a  a r e  presented i n  F igs .  1-54 through 1-65. 
Laminar and tu rbu len t  ca lcu la t ions  c a r r i e d  out  by Lockheed a r e  
shown on the  d a t a  p l o t s  f o r  the  s i n g l e  equiva lent  engine.  En 
genera l ,  our d a t a  f a l l  between the  two t h e o r e t i c a l  curves.  Since 
i t  i s  expected t h a t  the  flow i s  laminar a t  t h i s  pressure ,  t h e  d a t a  
would appear t o  be h igher  than the  theory.  However, a s  mentioned 
under the remarks on the impingement pressures ,  we f e e l  t h a t  the re  
i s  good experimental  evidence of a weak shock impingement a n  the  
cy l inder  which would a l t e r  the Local pressure  g rad ien t  and a f f e c t  
t h e  hea t ing  rakes .  A laminar c a l c u l a t i o n  taking t h i s  i n t o  account 
should be made. 
I t  appears t h a t  t h i s  shock impinges on the cyl inder  somewhere 
between X/R, of 2 and 3.  The l ack  of r e p e a t a b i l i t y  i n  t h e  
da ta  on rows B and D a t  X/R  of 3 (Fig.  1-56) i s  charac-  
e 
t e r i s t i c  of the  unsteady flow phenomena associa ted  wi th  shock i m -  
pingement. There was no evidence of any p a r t i c l e  impingement on 
these  gauges. 
Other poss ib le  reasons f o r  t h e  d i f f e r e n c e  between d a t a  and 
theory can only  be speculated upon a t  t h i s  po in t .  I n s u f f i c i e n t  
information i s  given i n  Ref. 1-5 t o  evalua te  the  poss ib le  e f f e c t s  
of e r r o r s  i n  the  t r anspor t  proper ty  laws o r  o the r  flow c h a r a c t e r -  
i s t i c s  used i n  the  c a l c u l a t i o n s .  
Impingement hea t ing  da ta  obtained a t  the nominal p ressu re  of 
6000 p s i a  a r e  presented i n  F igs .  1-66 through 1-68. There a r e  no 
c a l c u l a t i o n s  a v a i l a b l e  f o r  t h i s  pressure .  Tlte genera l  t rends  of 
the  d a t a  a r e  the  same as  f o r  the  lower pressure .  
In  an at tempt  t o  obta in  some i n s i g h t  i n t o  sca l ing  l a w s  f o r  
hea t ing  caused by  the  impingement gases  on the cy l inder ,  we r e -  
duced some of the  da ta  t o  r e l a t i v e  Stanton numbers by normalizing 
the  hea t ing  r a t e  with the  s t agna t ion  pressure  P5.  We p l o t t e d  
these  numbers aga ins t  a r e l a t i v e  Reynolds number ( a r b i t r a r i l y  
normalizing t h e  Reynolds number t o  t h a t  f o r  the 2725 p s i a  c a s e ) .  
Because i n  most cases  d a t a  a t  only two pressures  e x i s t ,  i t  i s  d i f -  
f i c u l t  t o  g e t  a c l e a r  p i c t u r e  of what i s  occurr ing.  I n  F ig .  1-69, 
the  d a t a  f o r  TOWS 43 and G (the top of the cyl inder)  a r e  shown 
f o r  the fhm from the  single e q u i v a h n t  nozzle  i w i n g i n g  0x1 the 
cy l inder  a t  L O 0  angle  s f  a t t a c k ,  The s lope  of the  l i n e s  bekween 
the  two po in t s  i s  i n  most cases approximately -0.5 which i n d i -  
c a t e s  a well-behaved laminar boundary l a y e r .  
When s i m i l a r  p l o t s  were made f o r  the  s i n g l e  nozzle flow i m -  
pinging on t h e  cy l inder  a t  zero degrees angle  of a t t a c k ,  we mea- 
sured a v a r i e t y  of s lopes ,  some a s  s t e e p  a s  l .  To o b t a i n  
another  po in t  of the  curve we ran  one run  over the  cy l inder  a t  
a = 0° ,  wi th  a s t agna t ion  pressure  of 4200 p s i a .  Table 1-5 p re -  
s e n t s  the  condi t ions  f o r  t h i s  run.  The d a t a  f o r  the  4200 p s i a  
run a r e  p l o t t e d  i n  Fig.  1-70. I n  Fig.  1-71 r e l a t i v e  Stanton num- 
be r s  a r e  p l o t t e d  a g a i n s t  r e l a t i v e  Reynolds numbers f o r  those loca-  
t ions  where d a t a  f o r  the  th ree  d i f f e r e n t  pressures  were obta ined .  
The d a t a  on row B ( f i l l e d  symbols) between 4200 and 6000 p s i a  
s c a l e  a s  i f  t h e  boundary l aye r  were laminar wi th  the  except ion of 
x/Re = 1 which i s  i n  a ve ry  complicated t h r e e  dimensional reg ion  
of t h e  flow c l o s e  under the  l i p  of t h e  nozzle  and X/R, of 6 
where the  d a t a  i n d i c a t e  t r a n s i t i o n  t o  a tu rbu len t  boundary l a y e r .  
Between 2725 and 4200 p s i a  the  da ta  do n o t  appear t o  fol low any 
known sca l ing  law f o r  well-behaved boundary l a y e r  flows. In  f a c t ,  
t he  s lopes  of the  curves i n  t h i s  region i n d i c a t e  an almost con- 
s t a n t  hea t ing  r a t e  wi th  pressure .  On row C a t r a n s i t i o n  takes 
p lace  a t  pressures  above 4200 p s i a  f o r  x/R,'s of 2 .5  and 
beyond. 
During t h e  plume survey runs,  h e a t  t r a n s f e r  da ta  were obtained 
i n  t h e  base region  approximately 1 . 8  inches behind the  e x i t  plane 
of t h e  three-nozzle  a r r a y ,  The da ta  a r e  presented i n  Table 1-6 
along wi th  a ske tch  of the  t ransducer  loca t ions .  A t  2550 p s i a  
the  d a t a  were f a i r l y  repeatable  f o r  the vacuum plume, Ak the  
simulated s t ag ing  a l t i t u d e  more s c a t t e r  was evident ,  probably due 
t o  the  tu rbu len t  entrainment and mixing s f  the  background gas wi th  
t h e  plume gas .  A t  6000 p s i a ,  t h e  base d a t a  were n o t  a s  r e p e a t -  
a b l e  b u t  seemed t o  depend anomalously on t h e  o r i e n t a t i o n  of the  
nozzles  wi th  r e s p e c t  t o  the instrumentat ion rake out  i n  the  plume. 
Since h o r i z o n t a l  and v e r t i c a l  rake  surveys were made by r o t a t i n g  
the  nozzles  (and base heat ing ins t rumenta t ion  p l a t e )  by 90" i t  
appears t h a t  t h e  gauges were responding t o  some flow phenomenon 
assoc ia ted  with t h e  rake o r  mounting pedes ta l .  A s i m i l a r  phenome- 
non d id  no t  occur a t  the  lower p ressu re .  The only explanat ions we 
have a t  p resen t  a r e  t h e  p o s s i b i l i t y  of a change i n  the r a d i a t i o n  
seen by the  gauges from the  plume impingement on the  rake and 
pedes ta l ,  o r  a change i n  the  r e c i r c u l a t i o n  p a t t e r n  which has been 
observed t o  occur due t o  the complex i n t e r a c t i o n s  of the  mul t i -  
plumes. 
The backward-running detonat ion technique i s  v a l i d  f o r  the  
s imulat ion of hydrogen/oxygen rocket  plumes. 
Use of a s i n g l e  equivalent  nozzle f o r  the  c a l c u l a t i o n  of the  
e f f e c t s  of t h r e e  nozzles i s  v a l i d  only i n  t h e  f a r  f i e l d .  
The backward-running detonat ion technique should be capable 
of achieving p ressu res  i n  excess of 10,000 p s i  i n  a proper ly  de- 
s igned f a c i l i t y .  The cur ren t  program w a s  c u r t a i l e d  a t  6000 p s i  
because of l abora to ry  s a f e t y  cons idera t ions .  
The reasons f o r  the  n e a r - f i e l d  d iscrepancies  between t h e  
s i n g l e  nozzle  d a t a  and ca lcu la t ions  c a r r i e d  out  by Lockheed- 
Huntsvi l le  a r e  n o t  understood, bu t  may be due t o  a combination 
of seve ra l  f a c t o r s ,  the most l i k e l y  i n  our opinion betng weak 
shock waves i n  t h e  nozzles not  p roper ly  accounted f o r  i n  the  c a l -  
c u l a t i o n s .  
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Fig. 1-2 Time-Distance Diagram for Backwards-Running 
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Fig. 1-5 Pressure  Records from Automatic H / O  Gas Handling 
System. Upper t r a c e :  driven tube2pr8ssure P 10 
p s i a l i n c h ,  p o s i t i v e  pressure  downward. ~ o w e h '  t r a c e :  
d i f f e r e n t i a 1  pressure across  mixing chamber. Horizontal  
sweep: 1 inch per  minute. 
a)  No I g n i t i o n  b) I g n i t i o n  Behind Inc iden t  Wave 
c) I g n i t i o n  Behind Reflected Wave 
Fig. 1-6 Detonation Tube Stagnat ion Pressure  (P5) Traces from 
Gauges 0.3 and 0 .1  f t  from End of Tube, S e n s i t i v i t y  
l O O Q  psilcm - Sweep Speed % ms/cm 


Fig. 1 - 9  Capacitive Discharge Ignition for H 0 Plume Simulator 2 1  
2 
Not to Scale . 3 
I Bottom 
Fig. 1-10 Schematic Drawing of Three-Nozzle Configuration 
4 2  
Dimensions After Use 
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0,352  Diameter 
Fig, 1-11 - Single Equivalent Nozzle 
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Fig.  1-12 Radial Var ia t ion  of the  P i t o t  Tota l  Pressure  
i n  t h e  Equivalent Engine Exhaust Plume a t  
Six Equivalent Nozzle Radii 
' ~ a n k  = Vacuum 
Radial  Distance from Equivalent Engine P lume Centerl ine,  R/R exit 
F i g .  1-13 -- Radial Variation of the Pitot  Total  P r e s s u r e  in the Equivalent 
Engine Exhaust Plume a t  Six Equivalent Engine Radii and 
P ~ a n k  = 41 psfa 
= Vacuum 
25 psia 
Equivalent 
3 - Engine 
Legend 
Radial Distance from Equivalent Engine 
Plume Centerline, R/R exit 
F ig .  1-14 Radial Var ia t ion  of t h e  P i t o t  Tota l  Pressure i n  t h e  
Equivalent Engine Exhaust Plume a t  Eight Equivalent 
Nozzle Radii  and PTank = Vacuum 
I O . 0 r  ' ~ i i n k  = Vacuum 
,'+- -\ I' - 2550 psia  
C 
a 
8.0 /' \ x/Rexit = 6 
/' 
\ 
\ 
Radial Distance f r o m  Equivalent Engine Plume Centerline,  R/R exit 
1-15 - Radial Variation of the Pitot Total P r e s s u r e  in the Multiple 
Engine Exhaust Plume a t  Six Equivalent Nozzle Radii and 
P ~ a n k  = Vacuurn 
P ~ a n k  = 41 psfa 
PC = 2550 ps ia  
X/R= = 6 
Horizontal 
Survey 
R/Rexi t  
Vert ical  Survey 
orizontal  Survey 
Radial Distance from Equivalent Engine P lume Cente rl ine , R/Rexit  
Pig. 1-16 - Radial Variation of the  Pitot  Total  P r e s s u r e  in the Multiple 
Engine Exhaust Plume a t  Six Equivalent Nozzle Radii  and 
'+Tank = 41 psfa 
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Radial Distance f r o m  Equivalent Engine P lume Centerl ine,  R/Rexit  
F i g .  1 -17  - Radial Variation of the  Pitot  Total  P r e s s u r e  in the Multiple 
Engine Exhaust Plume a t  Twelve Equivalent Nozzle Radii 
and P = Vacuum Tank 
Har iaontal 
p ~ a n k  = 4 
P = 2550 
C 
- 
exit - 
Vertical Survey 
0.6 
Radial Distance from Equ iva len t  Engine Plume Centerl ine,  R/Rexit  
F ig ,  1-18 --- Radial Variation of the Pitot Total P r e s s u r e  in the  Multiple 
Engine Exhaust Plume at Twcl c !\ Equivalent Nozzle Radii  and 
P ~ a n k  = 41 psfa 
'~ank = Vacuum 
= 6000 psia 
Radial Distance Prom Equivalent Engine Plume Centerline, R/Rexit 
Fig, 1-19 Radial Variation of Pitot Total Pressure for 
A11 6000 PSIA Runs 
Radial Dis tance  from Equivalent Engine 
Plume Center l ine ,  R/R exit  
Fig. 1-20 Stagnation Heat k g  Rate Equivalent Engine Data 
and Prediction for Equilibrium, Finite Rate 
and Frozen Chemistry 
Radial Distance f r o m  Equivalent Engine 
P lume  Centerline,  R/Rexit 
Fig. 1-21 Stagnation Heating Rate Equivalent Engine Data 
and Predict ion for Equilibrium, Finite Rate 
and Frozen Chemistry 
Fig. 
P ~ a n k  = 41 psfa 
PC = 2550 psia 
X / R ~  = 6 
Radial Distance from Equivalent Engine 
Plume Centerline, R / R , ~ ~ $  
1-22 Stagnation Heating Rate Equivalent Engine Data 
and Predict ion fo r  Equilibrium, F in i t e  Rate 
and Frozen Chemistry 
Radial Distance from Equivalent Engine 
Plume Cent erline, R / R ~ ~ ~ ~  
F i g .  1-23 - Stagnation Heating Rate  Equivalent Engine Data 
Radial Distance f rom Equivalent Engine 
Plume Genterline, 
R/Rexit 
Fig, 1-24 - Stagnation Heating Rate Multi-Engine Vert ical  Data 
Single Engine Data  
Radial  Distance from Equivalent Engine 
Plume Centerl ine,  K / R , ~ ~ ~  
Fig, 1-25 - Stagnation Heating Rate Multi-Engine Vertical  Data 
' P ~ a n k  = Vacuum 
P .- 2556 psis 
c 
Radial  Distance f r o m  Equivalent Engine 
P lume Centerl ine,  
R'Rexit 
F ig .  1-26 - Stagnation Heating Rate Mdti-Engine Xosizontal Data 
Single Engine Da ta  
Radial Dis tance f rom Equivalent Engine 
P lume  Center l ine ,  R / R ~ ~ ~ ~  
Fig. 1-27 - Stagnation Heating Rate Multi-Engine Horizontal Data 
P ~ a n k  = vacuum 
P = 2556 psia 
C 
Radial Dis tance  from Equivalent E n g i ~ e  
Plume Centerline,  R'R exi t  
Fig, 1-28 - Stagnation Heating Rate  Mult i-Engine Ver t i ca l  Data 
Radial  Dis tance f r o m  Equivalent  Engine 
P l u m e  Center l ine ,  R'Rexit 
F ig .  1-29 - Stagnation Heating Rate Multi-Engine Vert ical  Data 
, Radial Distance from Equivalent Engine 
Plume Centerline,  R / R ~ ~ ~ ~  
F ig ,  1-30 -. Stagnation Heating Rate Multi-Engine Ver t i ca l  Data 
Radial Distance f rom Equivalent  Engine 
Plume Cente r l ine ,  R/R . 
exit  
Pig, 1-31 - Stagnation Heating Rate  Multi-Engine Ver t ica l  Data 
'~Iink = Vacuum 
P -- 2550  psia 
C 
x / R ~ ~ ~ ~  - 1 2  
Radial  Distance from Equivalent  Engine 
Plume Centerline,  R/Rexit 
F i g ,  1-32 - Stagnation Heating R a t e  Multi-Engine Horizontal Data 
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i g  1-33  - Stagnation Heating Rate Mult i-Engine Hor iz  ontal Z a t a  
F i g *  
'~ank = Vacuum 
P .: 2550 psia 
c 
x / R ~ ~ ,  = 24
Radial Distance from Equivalent Engine 
Plume Centerline,  R / R ~ ~ ~ ~  
1.. 34 -- Stagnation Heating Rate Mult i  -Engine HclrizsntaP Cats 
P ~ a n k  
-- 41 psfa 
P = 2558psia 
C 
- 24 
 exit - 
Radial Distance from Equivalent Engine 
Plume Centerl ine,  R/Rexit 
F ig .  1- 35 - Stagnation Heating R a t e  Multi-Engiii: H o r i z o n t a l  D a t a  
P ~ a n k  "-" Vacuum 
PC = 6000 psia 
Radial Distafice from Equivalent Engine 
Plume Centerline,  R / R , ~ ~ ~  
Fig,  1-36 - Stagnation Heating R a t e  Equivalent Engine Data  
= Vacuum, p = 6000 p s i q ~ / ~ e x i t  = 6 
e 
P ~ a n k  = vacuum 
Radial  Distance f r o m  Equivalent Engine 
P lume  Centerl ine,  R/Rexit 
Fig. 1-37 - Stagnation Heating Rate Multi-Engine Vert ical  Data 
P ~ a n k  = Vacuum 
-- 6000 psia C 
x / R , ~ ~ ~  = 1 2  
Radial Distance from Equivalent Engica 
Plume Centerline, R/R exit 
38  - Stagnation Heating R a t e  Multi-Engine V e r t i  .cal Data 
' ~ank  = Vacuum 
Pc = 6000 psia, 
x/R,,,= 24 
Radial  Distance from Equivalent Engine 
P lume Centerline,  R/Rexit 
Fig. 1- 39 - Stagnation Heating Rate Multi-Engine Vert ical  Data 
= Vacuum 
' P ~ a n k  
P = 6006 psia 
e 
Radial  Distance from Equivalent Engine 
Plume Centerline, R/Rexit  
F i g .  1-40 - Stagnation Heating R a t e  Mdti-Engine X ~ r i z o n t a l  Data 
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PART 1% 
SmSTITUTE GAS FOR =-ENTRY AEROTHEWODmA%%IC SIltaLTEATEON 
By the use of the products of !J2/o2 combustion as  a  s u b s t i -  
t u t e  gas ,  we have found t h a t  a  simple dens i ty  r a t i o  co r rec t ion  t o  
the  measured Stanton number appears t o  c o r r e c t  both windward and 
leeward d a t a  from conventional a i r  f a c i l i t i e s  t o  account f o r  t h e  
d i f f e r e n t  thermodynamic behavior of f l i g h t  a i r .  I f  t h i s  i n d i c a t i o n  
can be subs tan t i a t ed  by f u t u r e  t e s t i n g ,  i t  w i l l  g ive  a  simple and 
r e l i a b l e  design r u l e  f o r  use  i n  aerothermodynamic development t e s t -  
ing of hypersonic v e h i c l e s .  
The energy a v a i l a b l e  i n  hypersonic ground t e s t  f a c i l i t i e s  i s  
i n s u f f i c i e n t  t o  reproduce the thermodynamic c h a r a c t e r i s t i c s  of r e -  
e n t r y  a i r .  For a  f a c i l i t y  t o  s imulate  proper ly  the f l i g h t  charac- 
t e r i s t i c s  of a  hypersonic veh ic le ,  the  d e n s i t y  r a t i o ,  v e l o c i t y  
r a t i o ,  and pressure  r a t i o  between any two po in t s  i n  one flow f i e l d  
must be the  same a s  the  corresponding r a t i o s  a t  corresponding 
po in t s  i n  the  o the r  flow f i e l d .  Any discrepancies  i n  temperature 
r a t i o s  can then be correc ted  f o r ,  because they w i l l  be decoupled 
from the  flow dynamics. The v e l o c i t y  r a t i o s  i n  the v e h i c l e  flow 
f i e l d  seldom d i f f e r  s i g n i f i c a n t l y  wi th in  hypersonic regions ,  so  
the  e r r o r s  from mismatches of v e l o c i t y  r a t i o s  a r e  usua l ly  made 
i n s i g n i f i c a n t  by t e s t i n g  a t  approximately the  r i g h t  f r e e  s t ream 
Mach number. The only way t h a t  the  pressure  and dens i ty  d i s t r i b u -  
t ions  can be matched simultaneously,  however, i s  t o  match both the  
Mach number and the thermodynamic behavior s f  the f l u i d .  For  a  
p e r f e c t  gas ,  t h i s  behavior i s  charac ter ized  by the  r a t i o  of spe- 
c i f i c  h e a t s ,  y .  For a  gas wi th  d i f f e r e n t  thermodynamic degrees 
sf freedarn a c t i v e  in d i f f e r e n t  p a r t s  s f  the f l o w ,  i t  becomes i m -  
poss ib le  t o  g e t  a p e r f e c t  match except wi th  the  a c t u a l  f l u i d  a t  
the  c o r r e c t  f1 ighr  energy. A i r  surrounding a v e h i c l e  during r e -  
e n t r y  i s  heated t o  the  po in t  where the e f f e c t i v e  y f o r  most . 
processes i s  about 1.1. Most ground f a c i l i t i e s  produce y ' s  
i n  the  flow around t h e  model t h a t  a r e  c lose  t o  1 .4 .  Such d i s -  
crepancies  l e a d  t o  l a r g e  u n c e r t a i n t i e s  i n  the  degree t o  which 
flows t h a t  involve l a r g e  expansions from the  compression zone 
of the  windward shock l aye r  t o  the low pressure  regions over 
the  leeward su r faces  a r e  simulated i n  these  f a c i l i t i e s .  For 
example, a l i f t i n g  body a t  a nominal 30" angle of a t t a c k  w i l l  
have a winclward/leeward pressure  r a t i o  of s e v e r a l  hundred. The 
gas flowing around the veh ic le  t o  f i l l  the  leeward shock l a y e r  
w i l l  drop i n  d e n s i t y  i n  response t o  t h a t  pressure  r a t i o .  For 
the  same windward/leeward pressure  r a t i o ,  the  f l i g h t  d e n s i t y  
r a t i o  w i l l  be about th ree  times l a r g e r  than t h a t  i n  the  t y p i c a l  
heated a i r  wind tunnel  o r  shock tunnel .  Whether the  wind tunnel  
flow f i e l d  w i l l  accommodate t o  t h i s  dens i ty-pressure  mismatch by 
a l t e r i n g  s t ream tube geometry, by r a i s i n g  leeward sur face  p res -  
su res ,  o r  by both i s  no t  known; b u t  some adjustment must occur ,  
and t h i s  w i l l  a f f e c t  the  comparison between model and veh ic le  
hea t ing  and aerodynamic c h a r a c t e r i s  t i c s .  
One approach t o  t h i s  problem i s  t o  use  i n  the ground t e s t s  
a s u b s t i t u t e  gas  t h a t  has a y more c l o s e l y  r e l a t e d  t o  t h a t  of 
r e - e n t r y  a i r .  I t  happens t h a t  the products of combustion of 
hydrogen and oxygen (supersteam) ha.ve a y t h a t  v a r i e s  i n  a pre-  
d i c t a b l e  manner between 1.1 and 1 . 2 .  Furthermore, the  y of 
supersteam inc reases  a s  the  gas cools  i n  an expansion, following 
a curve very s i m i l a r  t o  t h a t  of a i r  a t  r e - e n t r y  f l i g h t  enthalpy 
l e v e l s .  This i s  due t o  a rough s i m i l i t u d e  i n  the r e l a t i o n s h i p  
bemeen the charac t e r i s  t i c  v i b r a t i o n a l  energy l e v e l s  and the  op- 
e r a t i n g  enthalpy i n  supersteam a t  tunnel  en tha lpy  and i n  a i r  a t  
f l i g h t  enthalpy.  Since we have been making exkenskve use o f  t h i s  
gas i n  our rocket  plume simulat ion f a c i l i t y ,  an explora tory  pro- 
gram has  been conducted t o  a s sess  the  f e a s i b i l i t y  of using t h e  
same technique t o  produce a s u b s t i t u t e  gas  t o  b e t t e r  s imulate  r e -  
e n t r y  a i r .  
In  p r i n c i p l e ,  the re  a r e  any number of supersteam mixtures i n  
which one could test ---- and each i s  s p e c i f i e d  by an O/F r a t i o  
and by t h e  method of burning. For a given mixture r a t i o ,  i n  
ascending order  of t o t a l  enthalpy, the  methods of burning a r e  
1) cons tant  pressure  burning, 2) backward-running detonat ion,  
3 )  f  ront-running detonat ion,  and 4) over-driven front-running 
detonat ion.  The f i r s t  method i s  t h a t  of an ord inary  j e t  o r  rocke t  
engine combustion process;  the  l a s t  two a r e  discussed i n  some de- 
t a i l  by Mak and Zakkay (Ref. 2-1) and r e q u i r e  s i g n i f i c a n t l y  h igher  
d r i v e r  pressures  than the  backward-running technique. Because of 
d r i v e r  l i m i t a t i o n  i n  our  present  f a c i l i t y ,  the  major i ty  of our 
supersteam experiments were c a r r i e d  ou t  using method 2, t h e  
backward-running detonat ion technique. 
The thermodynamic and wave processes  involved i n  genera t ing  
supers  team with backwards -running detonat ions a r e  i d e n t i c a l  t o  
those previous ly  descr ibed f o r  plume simulat ion.  Also, the  f a c i l -  
i t i e s  used f o r  the  two simulat ions a r e  almost i d e n t i c a l ,  except  
f o r  the  nozzles .  I n  our f a c i l i t y ,  we have a 123-degree semiangle 
conica l  nozzle wi th  an 18-inch e x i t  diameter t h a t  we use f o r  
supersteam t e s t s .  Because t h i s  nozzle  i s  about 3 f e e t  long ( t h e  
rocket  nozzles a r e  only  a few Lnches bong), we remove a 3 - foo t  
s e c t i o n  0% our dr iven  tube  hen the contca l  nozzle i s  installed. 
This enables the overall f a c i l i t y  length  t o  remain cons tant  and 
p e r i p h e r a l  equ ipn~ent ,  such as vacuum pumps, plumbing, and o p t i c a l  
systems, t o  remain f i x e d .  
The t e s t  program had s e v e r a l  o b j e c t i v e s .  These included de- 
termining an optimum supers  team O/F r a t i o ,  eva lua t ing  t h e  "ef f ec -  
t i v e "  y of the  mixture chosen, and making p ressu re  and h e a t  
t r a n s f e r  measurements on models i n  both a i r  and supersteam t o  
s tudy some of the  thermodynamic e f f e c t s  of varying y. 
O/F Rat io 
Supersteam can be composed of almost any r a t i o  of hydrogen t o  
oxygen. In  an attempt t o  ob ta in  a s  high a Reynolds number a s  pos- 
s i b l e ,  we explored the  p o s s i b i l i t y  of using mixtures with excess 
oxygen r a t h e r  than hydrogen. I n i t i a l  a t tempts  t o  produce backward 
de tonat ions  a t  O/F r a t i o s  above 6 were unsuccessful  due t o  the  
i n a b i l i t y  t o  prevent  inc iden t  detonat ion.  In  add i t ion ,  we were 
unable t o  prevent  inc iden t  detonat ions a t  any of the  pressures  we 
t r i e d  f o r  0 1 ~ ' s  of 2 1  and 26 .  (See P a r t  I of t h i s  r e p o r t  f o r  a 
d i scuss ion  of low- temperature i g n i t i o n . )  
Next, we ran  inc iden t  detonat ions i n t o  the  h igher  O/F 
r a t i o s .  The d r i v e r  gas f u l l y  supported t h e  detonat ion by expand- 
ing t o  a pressure  equal  t o  t h a t  behind the  wave. We obtained 
s a t i s f a c t o r y  runs a t  O/F r a t i o s  of 11 and 2 1 .  However, the  
usab le  t e s t  s tagnat ion  pressures  achieved were much lower than 
those obta inable  wi th  the  backward-detonation technique because 
we a r e  l imi ted  t o  a d r i v e r  gas pressure  of 5000 p s i  i n  the  
p resen t  f a c i l i t y ,  and the forward-detonations demand much h igher  
d r i v e r l d r i v e n  pressure  r a t i o s .  Even though the  h igher  O/F 
r a t i o s  requi red  s l i g h t l y  lower diaphragm pressure  r a t i o s  than the  
O/F = 6 case t o  o b t a i n  f u l l y  supported inc iden t  waves, the m a x i -  
mum tunnel  s t agna t ion  pressure  obeairrable was only  1000 p s i .  Any 
g a i n  i n  Reynolds number due t o  the excess oxygen was more than  . 
o f f s e t  by the  lower p ressu res .  Also, we found t h a t  t h e  excess 
oxygen present  i n  the  h igher  O/F r a t i o  mixtures g r e a t l y  i n -  
c reased  the  problem of nozzle  t h r o a t  and model e ros ion .  It w a s  
n o t  worth the  e x t r a  time and c o s t  i n  f requent  replacement of com- 
ponents and instrumentat ion f o r  any ga in  t h a t  might be achievable  
by running above an O/F  r a t i o  of 6 .  We the re fo re  r a n  a l l  re- 
maining supersteam runs using the  backward-detonation technique a t  
an o/F r a t i o  of 6 .  
E f f e c t i v e  y 
A s e r i e s  of runs with var ious  t e s t  gases  was made over a 
hemisphere-cylinder model. Schl ie ren  photographs were taken t o  
measure the  shock stand-of f d i s t ance ,  from which the  approximate 
e f f e c t i v e  y could be i n f e r r e d  by the techniques of Cheng and 
Ga i t a t zes  (Ref. 2-2) . The gases  t e s t e d  included a i r ,  Freon-14, 
supersteam generated by the  inc iden t  detonat ion wave technique, 
and supers  team generated by the  backwards -running detonat ion wave 
technique. The l a t t e r  supersteam was run a t  O/F = 6 and a t  
s t agna t ion  pressures  of 2550 p s i a ,  1758 p s i a ,  and 1038 p s i a .  
The corresponding s c h l i e r e n  p i c t u r e s  a r e  shown i n  Pig .  2-1. The 
shock tube running condi t ions  f o r  these  t h r e e  s t agna t ion  pressures  
a r e  given i n  Tables 1 - 2 ,  2-1, and 2-2, r e s p e c t i v e l y .  Figure 2-2 
shows our measured shock s tand-of f d i s t ances ,  d/Rs, p l o t t e d  
a g a i n s t  i n f e r r e d  dens i ty  r a t i o ,  p2/p,, fromwhich the e f f e c t i v e  
y l s  a t  i n f i n i t e  Mach number can be deduced. A shock d e n s i t y  
r a t i o ,  1 i s  read  from the  curve f o r  a measured value of 
I A / R ~ .  1 / ~  i s  then cor rec ted  t o  the  shock d e n s i t y  r a t i o  a t  
i n f i n i t e  Mach number, i / a ,  by the  formula t = E' - 1/d where 
m 9  
M i s  t h e  f r e e  stream Mach number a t  which Q / R ~  was measured. 
00 
y a t  i n f i n i t e  Mach number can then be computed f r o m  the expres-  
s ion  I /E  = (y 4- 1 ) / ( y  - 1 ) .  For the  supersteam used i n  t h e  t e s t s  
descr ibed below, yef fecti.e = 1 .2  (see Fig.  2-2).  
Thermodynamic Ef fec t s  
i 
In order  t o  a s s e s s  the importance of n o t  s imulat ing t h e  r e a l  
gas e f f e c t s  of the  flow around a v e h i c l e  during r e - e n t r y  i n  
t y p i c a l  ground t e s t  f a c i l i t i e s ,  w e  r a n  a s e r i e s  of experiments i n  
supersteam and conipared the r e s u l t s  wi th  those obtained i n  
y = 1 .4  a i r .  &Ir prime means of comparison w a s  measurement of 
the h e a t  t r a n s f e r  r a t e s  on the  same models i n  the  two d i f f e r e n t  
flows. m e n  reduced t o  a Stanton number, the  hea t ing  should be 
d i r e c t l y  comparable a t  the same Mach number and Reynolds number. 
The Prand t l  number of the  tswo flows i s  somewhat d i f f e r e n t  (- 0.7 
i n  a i r  versus  - 0 .5  i n  supersteam); the  Stanton number, however, 
would be expected t o  be a funct ion  of some small  f r a c t i o n a l  power 
of the P rand t l  number. Therefore the re  should n o t  be s i g n i f i c a n t  
d i f f e rences  i n  hea t ing  due s o l e l y  t o  d i f f e rences  i n  P rand t l  num- 
be r .  
Free Stream Conditions 
Because of the  wide d i f fe rences  i n  molecular weights and f r e e  
stream s t a t i c  temperatures between air  and supersteam, i t  w a s  ex- 
tremely d i f f i c u l t  i n  our shock tunnel  t o  ob ta in  a simultaneous 
matching of t h e  Mach number and Reynolds number. I t  requ i red  
running t h e  supersteam a t  a s t agna t ion  pressure  of about 2550 p s i a  
( the  maximum achievable  a t  the  time) through the 123-degree semi- 
angle conica l  nozzle  wi th  a 0 .2  inch diameter t h r o a t .  The lead-  
ing edges of the  models were loca ted  a t  a geometric a r e a  r a t i o  of 
9400 where the  f r e e  stream Mach number was approximately 9 . 7  and 
4 t h e  f r e e  stream Reynolds number per  foo t  approximately 1 .45  x 10 . 
To achieve the  same condit ions i n  a i r ,  t h e  nozzle t h r o a t  s i z e  w a s  
increased t o  0 .6  inch diameter,  the models loca ted  a t  a geo- , 
metr ic  a r e a  r a t i o  of 584, and the  tunnel run a t  a s t agna t ion  
p ressu re  of 75 p s i a .  Two higher  Reynolds numbers a t  t h e  same 
Mach number were run i n  a i r  by r a i s i n g  t h e  s t agna t ion  p ressu re  t o  
120 p s i a  and 180 p s i a .  Lower Reynolds numbers a t  t h e  same Mach 
number were run i n  supersteam by lowering the  supersteam s tagna-  
t i o n  pressures  t o  1758 p s i a  and 1038 p s i a .  To a s c e r t a i n  t h e  
e f f e c t  of Mach number i n  supersteam, the  same t h r e e  s t agna t ion  
pressures  (2550, 1758, and 1038 ps ia )  were run wi th  the  0 .6  inch 
diameter t h r o a t ,  which produced a f r e e  stream Mach number of  about 
6 . 7 .  Table 2-3 presents  the  ca lcu la ted  f r e e  stream p r o p e r t i e s  f o r  
the  n i n e  running condit ions of these  t e s t s .  F u l l  thermodynamic 
equi l ibr ium was assumed i n  these  c a l c u l a t i o n s  f o r  a l l  the expan- 
s ions  from the  tunnel  s t agna t ion  condi t ions  t o  the  p a r t i c u l a r  geo- 
metr ic  a r e a  r a t i o  where the  nose of the model was loca ted .  Be- 
cause the  nozzle  i s  r e l a t i v e l y  s h o r t  f o r  a hypersonic wind tunnel  
nozzle ,  no cor rec t ions  were made t o  the geometric a r e a  r a t i o s  f o r  
the  nozzle  boundary l aye r  displacement thickness .  The thermody- 
namic equi l ibr ium computer program of Ref. 1-4 was used f o r  the  
c a l c u l a t i o n  of the  f r e e  stream condit ions and Ref. 2-3 was used t o  
ob ta in  the  supersteam t r a n s p o r t  p r o p e r t i e s  f o r  the  determinat ion 
of Re and Pr .  
To v e r i f y  experimental ly  the  ca lcu la ted  f r e e  stream condi- 
t i o n s ,  t h e  hemisphere/cylinder model used f o r  the  shock s tand-off  
measurements was instrumented wi th  a s tagnat ion  po in t  p ressu re  
gauge. Table 2-4 p resen t s  a comparison of the measured p i t o t  
pressures  and those ca lcu la ted  with t h e  program of Ref. 1-4,  
assuming f u l l  equi l ibr ium throughout t h e  flow f i e l d .  Because of 
the  explora tory  na tu re  of t h i s  program, and the L i m i t e d  a m u n t  of 
flow d iagnos t i c s ,  the reasons f o r  the d i f fe rences  between measured 
and ca lcu la ted  resul t s  were  no% fully explored.  
Models 
Two models were chosen t o  s tudy t h e  aerodynamic e f f e c t s  of 
superseeam. One w a s  a b lun t  three-s ided  pyramid with a 75' 
swept d e l t a  planform (see Figs .  2-3 and 2-4).  This model w a s  run  
a t  30" angle  of  a t t a c k  wi th  f i v e  pressure  t ransducers  and s i x  
h e a t  t r a n s f e r  gauges on the windward sur face .  The leeward s u r -  
faces  were instrumented wi th  18 hea t  t r a n s f e r  gauges. The loca-  
t i o n  of each gauge i s  shown i n  Fig.  2-3. This conf igura t ion  was 
chosen t o  induce a s t rong shock on the  windward sur face  and a v e r y  
high expansion r a t i o  from the windward t o  leeward su r face .  This 
type of  flow f i e l d  i s  typ ica l  of a delta-winged o r b i t e r  a t  high 
angle of a t t a c k .  
The second model was a 4*-inch diameter cy l inder  wi th  a 
45" semiangle cone a t  the  nose (see Figs .  2-5 and 2 - 6 ) .  The 45" 
cone angle  was chosen t o  g ive  a s t rong expansion a t  the shoulder ,  
ye t  s t i l l  have a r e l a t i v e l y  weak, a t t ached  shock wave. The c y l i n -  
der  w a s  instrumented wi th  hea t  t r a n s f e r  gauges along rays  p a r a l l e l  
t o  the  a x i s  from the  cone/cylinder shoulder t o  a d i s t ance  - 4 
diameters downstream. Ten pressure  t ransducers  were loca ted  on 
the  cy l inder  w i t h i n  1.2 diameters of the  shoulder (see 
Fig.  2-6), and t h r e e  more were loca ted  on t h e  cone su r face .  
Because of  the low pressures  and severe  environmental condi- 
t i o n s  on the models, no r e l i a b l e  pressure  d a t a  were obta ined .  
Table 2-5 p resen t s  the  measured hea t ing  rakes on the pgrspamid 
model f o r  the n ine  running condi t ions  s p e c i f i e d  i n  Table 2 - 3 .  
Windward su r face  hea t ing  r a t e s  were obtained a t  the  two lower ' 
pressures ,  b u t  we d id  n o t  obta in  r e l i a b l e  hea t ing  r a t e s  i n  super- 
steam on the  windward su r face  a t  a s tagnat ion  pressure  of 
2550 ps ia .  Since they were propor t ional  t o  approximately t h e  0.6 
power of P5 ( t y p i c a l  of a laminar boundary l a y e r ) ,  we used t h i s  
power l a w  t o  o b t a i n  ext rapola ted  windward hea t ing  r a t e s  a t  
2550 p s i a .  I n  a l l  cases  where winchard hea t ing  r a t e s  a r e  p r e -  
sented,  o r  used t o  normalize leeward hea t ing  r a t e s ,  the  d a t a  came 
from t h e  forward-mos t gauge on the  model c e n t e r l i n e  (Fig.  2 - 3 )  . 
We t r i e d  s e v e r a l  ways t o  c o r r e l a t e  the  windward hea t ing  r a t e s  
f o r  the  nine d i f f e r e n t  running condi t ions .  The c o r r e l a t i o n  t h a t  
seems t o  c o l l a p s e  the  d a t a  onto one s t r a i g h t  l i n e  r e s u l t e d  when 
we p l o t t e d  log Stanton number versus log Reynolds number, 
where t h e  Stanton number was co r rec ted  f o r  d i f f e rences  i n  normal 
shock dens i ty  r a t i o ,  
The Reynolds number was taken t o  be t h a t  behind a normal shock 
based on the sound speed ( r a t h e r  than the  ve loc i ty )  ; Re 5 p a /I-L 2 2 2 '  
This i s  a modified ve r s ion  of the  d e f i n i t i o n  of Reynolds number 
f o r  b l u n t  body flows suggested i n  Ref. 2-4. 
Figure 2-7 shows the windward hea t ing  r a t e s  p l o t t e d  as Stan- 
ton numbers based on the  f r e e  stream energy f lux ,  compared wi th  
the  same Stanton numbers co r rec ted  f o r  the  normal shock d e n s i t y  
r a t i o .  Within t h e  accuracy of our experiments, t h e  co r rec ted  
Stanton numbers appear t o  co l l apse  t o  a s i n g l e  curve when p l o t t e d  
aga ins t  Reynolds number. No Mach number e f f e c t  i s  d i s c e r n i b l e ,  
which i s  eonsis t e n t  wi th  the  Mach number independence p r i n c i p l e  
f o r  b lun t  body flows, 'She amount of data upon which t h i s  c o r r e l a -  
t i o n  i s  based i s  admit tedly l imi ted ,  but  t h e  importance of s u c h , a  
simple sca l ing  law c l e a r l y  warrants  f u r t h e r  i n v e s t i g a t i o n .  
Using var ious  averaging techniques, we t r i e d  severa l  ways t o  
c o r r e l a t e  t h e  leeward su r face  hea t ing  r a t e s .  We found t h a t  the  
same dens i ty  r a t i o  co r rec t ion  t o  the  Stanton numbers used on the  
windward d a t a  seemed t o  b e s t  c o r r e l a t e  t h e  leeward d a t a  (F igs .  2-8 
through 2-11) ,  Since t h e r e  were 18  gauges on the  leeward su r face ,  
we t r i e d  averaging var ious  groups of gauges. Figure 2-8 shows the  
uncorrected and cor rec ted  Stanton numbers f o r  the averages of a l l  
the leeward gauges. Figure 2-9 shows s i m i l a r  Stanton numbers f o r  
the  averages of the  gauges p a r a l l e l  t o  the  leading edge, whi le  
F igs .  2-10 and 2-11 show the averages of the  mid-span gauges and 
the  gauges p a r a l l e l  t o  the  cen te r  r idge ,  r e s p e c t i v e l y .  I n  a l l  
cases ,  we a l s o  p l o t t e d  t h e  80 percent  "Student t"  confidence 
l e v e l  a s  an i n d i c a t o r  of the  amount of v a r i a t i o n  i n  each p l o t t e d  
average p o i n t  ( s c a t t e r  + p o s i t i o n  e f f e c t s )  . 
When the  leeward Stanton numbers a r e  co r rec ted  by t h e  normal 
shock dens i ty  r a t i o  ca lcu la ted  f o r  the  condi t ions  of the  run, t h e  
d a t a  a l l  show the same t rends .  A t  the same Mach number the  d a t a  
from the  two gases  appear t o  follow one curve, whi le  changing Mach 
number produced a small  e f f e c t .  S imi lar  spanwise averaging tech-  
niques f o r  the  hea t ing  r a t e s  showed the  same t r ends .  
The cone/cyl inder  model was run a t  the  s a m e  condi t ions  i n  a i r  
and supersteam as was the  pyramid model. Neat t r a n s f e r  d a t a  were 
obtained a t  a l l  condi t ions  except the lowest s t agna t ion  pressure  
i n  a i r ,  where the  hea t ing  rakes were bebow our threshold of s e n s i -  
t i v i t y .  Tabbe 2-6 p resen t s  the  measured hea t ing  r a t e s .  Fig-  
u r e  2-12 i s  a s e h l i e r e n  photograph of the  model i n  supersteam a t  
M = 6 . 7 ,  which c l e a r l y  shows an a t t ached  shock wave. 
CO 
For each run we averaged the  h e a t  t r a n s f e r  readings a t  each 
cons tant  a x i a l  s t a t i o n  (see Fig .  2-6) and p l o t t e d  the  r e s u l t a n t  
Stanton number a g a i n s t  d i s t ance  af t of t h e  cone-cylinder junct ion  
The r e s u l t s  f o r  supersteam a t  the two d i f f e r e n t  Mach numbers a r e  
shown i n  Fig .  2-13, whi le  the  r e s u l t s  f o r  supersteam and a i r  a t  
the  same Mach number a r e  shown i n  Fig.  2-14. The s t r a i g h t  l i n e s  
on Figs .  2-13 and 2-14 a r e  l i n e a r  l e a s t  squares  f i t s  t o  the d a t a  
f o r  each running condi t ion .  In  these  f i g u r e s ,  we defined t h e  
Stanton number normally, using the  f r e e  s t ream energy f l u x  t o  
normalize the hea t ing  r a t e s .  
To show t h e  cone/cyl inder  da ta  i n  a form s i m i l a r  to  t h a t  f o r  
the  pyramid model, we made c ross  p l o t s  of F igs .  2-13 and 2-14 i n  
the  form of Stanton number versus Reynolds a t  cons tant  X/D .  
Figure 2-15 shows one of these  p l o t s  f o r  X/D = 5, an a x i a l  s ta-  
t i o n  s u f f i c i e n t l y  downstream of t h e  shoulder t o  have a boundary 
l a y e r  f r e e  of shoulder expansion e f f e c t s .  Note t h a t  the  c o r r e l a -  
t i o n  between supersteam and a i r  da ta  i s  good, wi th  only  a Mach 
number e f f e c t  apparent .  The f a c t  t h a t  t h e r e  a r e  no l a rge  d i f f e r -  
ences i n  the  d a t a  i n d i c a t e s  t h a t  the re  a r e  no s i g n i f i c a n t  e f f e c t s  
due t o  d i f f e r e n t  P rand t l  number, t r anspor t  proper ty  temperature 
dependence, o r  o t h e r  b a s i c  gas c h a r a c t e r i s t i c s .  
Conclusions 
- 
The supersteam evalua t ion  appears t o  have uncovered a ve ry  
s i g n i f i c a n t  c o r r e l a t i n g  technique f o r  co r rec t ing  windward and 
leeward heat ing d a t a  from conventional ground f a c i l i t i e s  f o r  the  
e f f e c t s  of f l i g h t  enthalpy on equi l ibr ium aerothemodyblamics. 
Although based on lihnited da ta  with considerable  s t a t i s t i c a l  
smoothing, i t  appears t h a t  a correc ted  Staneon number c o r r e l a t e s  
a i r  and supersteam heat ing  over a l l  p a r t s  of a detached shock can- 
f i g u r a t i o n .  The cor rec ted  Stanton number i s  def ined  a s  
where p2 i s  the  " r e a l  gas"  dens i ty  behind a  f r e e  s t ream normal 
shock. Corre la t ions  of co r rec ted  Stanton number versus  Reynolds 
number show n e a r l y  a s i n g l e  curve f o r  windward d a t a  wi th  a i r  and 
supersteam a t  M = 6 .7  and 9.7 f o r  a pyramidal d e l t a  body a t  
30" angle  of a t t a c k .  The upper su r face  c o r r e l a t i o n  f o r  t h e  same 
body shows a weak Mach number e f f e c t  but  no important y e f f e c t .  
Since p2 i s  r o u t i n e l y  assessed  t h e o r e t i c a l l y  f o r  any f l i g h t  
c o n d i t i o n ,  i t  i s  a  t r i v i a l  mat te r  t o  c o r r e c t  the d a t a  i f  the  cor-  
r e l a t i o n  method proves t o  be v a l i d .  
It i s  recommended t h a t  f u r t h e r  v e r i f i c a t i o n  of t h i s  method be 
undertaken by using a  v a r i e t y  of s u b s t i t u t e  gases  i n  a d d i t i o n  t o  
supers  team, and studying the  e f f e c t s  of changes i n  geometry, Mach 
number, Reynolds number, e  t c  . much more thoroughly. 
A supersteam f a c i l i t y  i s  no t  recommended f o r  developmental 
t e s t i n g  because of the complexity of opera t ion  f o r  the  s m a l l  
amount of d a t a  t h a t  can be e x t r a c t e d .  I t  i s  a ve ry  u s e f u l  t o o l ,  
however, f o r  ve r i fy ing  the  c o r r e l a t i o n  between high entha lpy  
f l i g h t  and low enthalpy ground t e s t i n g  . 
Previous comparisons of f l i g h t  and wind tunnel  d a t a  on 
Mercury, Gemini, and Apollo veh ic les  have been descr ibed t o  u s  a s  
showing ve ry  s i g n i f i c a n t  (approaching f i v e f o l d )  reduc t i o n s  of 
leeward surface hea t ing  i n  the high free stream s tagna t ion  en- 
tha lpy  of f l i g h t  ( p r i v a t e  eom~mnieation, R .  B. Reid and W. D. 
Goodrich, NASA SSC, Apri l  24, 1973). me data  r epor ted  h e r e i n  
d isagree  s t rong ly  wi th  those f ind ings ,  i n  t h a t  our  conclusion . 
be that ;Ileeward/%indward would increase  s l i g h t l y  o r  r e -  
main the  same as Ho/Hwall increased t o  the f l i g h t  l e v e l .  
Clear ly  t h i s  f i v e f o l d  discrepancy bears  f u r t h e r  i n v e s t i g a t i o n .  
Poss ib le  explanat ions f o r  the  discrepancy a t  t h i s  s t a g e  are:  
@ St ing  e f f e c t s  i n  previous o r  present  
ground t e s t s  
@ Inadequacy of supersteam simulat ion 
@ Nonequilibrium e f f e c t s  i n  f l i g h t  t h a t  
a r e  not  p r e s e n t l y  a n t i c i p a t e d  
@ Errors ,  p a r t i c u l a r l y  i n  inference of 
f l i g h t  hea t ing  r a t e s ,  i n  the presence 
of a b l a t i o n  and i t s  s t rong dependence 
on H 
0 
@ A q u a l i t a t i v e  d i f fe rence  i n  the  na tu re  
of the  leeward flows 
Although the p resen t  supers  team r e s u l t s  would normally have 
t o  be considered the  most l i k e l y  source of e r r o r  i n  comparison t o  
e s t a b l i s h e d  f l i g h t  da ta ,  t h e r e  i s  a s t rong ind ica t ion ,  a s  y e t  un- 
documented, t h a t  supports  our conclusions.  Tes ts  on space s h u t t l e  
v e h i c l e s  i n  the  NASA Langley CF4 tunnel have a l s o  shown a l a c k  of 
reduct ion  i n  'leeward'kindward wi th  simulated f l i g h t  thermo- 
dynamics ( p r i v a t e  communication, R ,  A. Jones, Apr i l  26, 1973). We 
be l i eve  t h a t  these  important ques t ions  must be given a very high 
p r i o r i t y  f o r  f u r t h e r  i n v e s t i g a t i o n .  
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T B L E  2-4 SUPERSTEAM PITOT PRESSURES 
Near Trans fe r  Rate t-YU 
ft sec 
I Run I d e n t i f i c a t i o n  Number I 
1 I Supers team I A i r  I 
>k 
ex t rapo la ted  
123 
TABLE % -6 CBNE/CYEENBER MODEL HEATING U T E S  
I / Gauge ! 
Number ' 
I 
Heat Transfer  Rate ( B N  ) 1 
I \ f t L  Set' ! i
Run I d e n t i f i c a t i o n  Number 
a) P5 - 2550 psia 
b )  P5 - 1758 psia 
C )  P5 = 1038 p s i a  
P i g ,  2-1 Seh l i e ren  Photographs s f  Supersteam Flow over 
Memisphere/Cy%inder a t  M = 6,7 
Fig, 2-2 I n f e r r e d  Y from Shock Detachment Distance 
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F i g .  2-4 Photograph of Pyrasrsid Xsdel 
F i g ,  2-5 Photograph of Cone/Cylinder Model 
1 2 8  
D. 
Heat Transfer  Gauge Locations 
Note: Sketches n o t  t o  s c a l e  
- -- 
Pressure  Transducer Locations 
Fig,  2-6 Sketch of Cone/Cylinder Nodel 
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A Supersteam l.Ia = 9.7 
a) Uncorrected Startton Number 
b )  Corrected Stanton lfmber 
P i g ,  2-7 Windward Heating Rates-Pyramid Model 
a)  Uncorrected Stanton Number 
A Supersteam M = 9.7 80% Confidence Level 
El A i r  M = 9. 
l o g 4  
P2a2 Reynolds N u m b e r  P e r  Foot -
w2 
b)  Corrected Stanton Number 
Pig. 2-8 Leeward Heating Rates - Pyramid Model, E n t i r e  Upper 
Surface Average 
a) Uncorrected Stanton Nmber 
Reynolds Number Per  Foot P2a2 
v2 
b) Corrected Stanton IJumber 
Fig.  2-9 Leeward Heating Rates - Pyramid Model, Leading 
Edge Row Averages 
a) Uncorrected S tanton Number 
Asuperstearn M = 9 . 7  80% Confidence Level 
L L 
Reynolds Number Per  Foot 
L 
b) C~rrected Stanton Number 
Fig, 2-10 Leeward Heating Rates - Pyramid Model, Mid-Span 
Row Averages 
a) Uncorrected Stanton Nmber 
A Supersteam M - 9.7 80% Confidence Level 
Air M =  9.8 
Reynolds Number P e r  Foot 
b)  Corrected Stanton Nhunber 
Fig, 2-11 Leeward Heating Rates - Pyramid E"lsdel, Center-Ridge 
Raw Averages 
Fig.  2-12 Schl ie ren  Photograph of Cone/Cylinder Model i n  
Supersteam at 14 = 6 .7  and P5 = 2550 p s i a  
Bis tance from Shoulder, Cylinder Diameters 
Fig. 2-13 Cone/Cylinder Nodel Heating Rates In Supersteam 
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Free  Run 
Stream Iden.  
Re/Ft No. 
o 5810 4 
a 10200 5 
14500 6 
86400 8 
0 130000 9 
Distance from Shoulder, Cylinder Diameters 
F i g ,  2-14 Cone/Cy%inder Model Heat ing Rates a t  Constant Mach 
Number 
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0.005 
0 Supers team 1.1 = 6.9  
0 , 0 0 4  A Supersteam M = 
El Air M - 9.8 
P2a2 Reynolds Number P e r  Foot -.----- 
'-12 
F i g ,  2-15 Cone/Cylinder E4odel Heating Rates 5 Cyl inde r  Diameters 
f r ~ r n  Shoulder 
